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Preface 


Ibis  report  presents  the  results  of  our  investigation  into  the 
pro-blec;  o£  poor  lateral-directional  flying  qualities  of  a  codified 
Cr-1353  aircraft.  A  lateral-directional  stability  augmentation  system 
is  designed,  and  an  analog  simulation  of  the  system  is  made.  From  an 
analysis  of  the  design  and  simulation,  we  have  attempted  to  predict 
the  performance  which  can  be  expected  from  this  system.  The  problems 
encountered,  their  effects,  and  the  success  of  the  system  are  discussed. 
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xsafeas  sszs  s&Safega  is  ef&crss $3  2a  i£2-2®r£5-97  £>- 


Dsffeltfeo  erf  Z^faial-rferectirsal  Krtfer 


si  rctica  cf  s=a  gfcassSc  2s  casrscCsrS-wJ  cy 


ahrea  trafes  as  sssa  frea  g£aasa£sa£s££a  cgafelca  cf  aay  sf  tae 


Crnestcr 


sS at  ikserSe  a.  ItST^-yl  onsiSrSes,  rate,  or  accelerc- 


efrm  gyRcsltrfirg  frem  a  certrrl  srrfaca  SsHeozSss.  7te  Ehrac  modes  are 
&5es±Sgaa  xs,  a)  sjlmzl  no£»*  (2)  rellfxg  ssasssss,  end  (3)  eoml- 
«S  2aa3grzE-^22raagfasail  JEereh  salE)- 

£T~rd  25o£a.  Spiral  spring  srraEHj  cccrrs  as  either  divergent 
<sr  eersorgrart-  JjSf  cxrvergsrr,  she  actios,  is  sees  as  a  flat  ccrve  la. 
fifbss  jagrfssacsal  flaps,  Is  sSdra  gsac  aircraft  slsssrly  aggcs&Bcags  fee 
■BtSxsxs ore  BgpiSeg  frilrorfeg  a  <5£sSsrjcrce.  Sr  the  ether  herd,  if  the 
aaSs  IS  <££a*5s^a&-.  ,25b&  flight  c£  eSa.  aircraft  is  seer  as  a  barSad  torn 
cf  ez*2?-Z&zzszs£m£  radiss,  i-e-,  a  esgatesftg  sgiral- 

££  Carigagaroe.  EoHieg  cssnergcsac  is  alacst  entirely  a 


«c*l 


zbcct  Sac  aircraft:  X-axis. 


reds  fg  sss3.  sr»  dascsShe  ^vg»  rs33Lfcg  g-’b-E'H-Sfy  of  aa  aircraft. 
Xagarspar-SSrassiasaS,  Chgiliatfca  fDsxch  EcTBl..  ’&&  I3stcb  rail 
SPOT-  galls  fesraesa  she  excrama  goaeifcfess  for  ’the  spiral  rods  ara 
xrllrqg  cesa?S5^aao&.  Sraa  Itsstrbad  in  roll  or  yea?, 
eawoc^  is  a  ccsSirarfm  roll  eod  yaa-sicaslia  css 


*trr»  „  loa 


and  daxpirg  ratios  of  each  cecillstics  ars 
hcssver  the  mil,  oscilXsrioa  slightly  leads  the  jzj 


I 


•,* 


d 


j 

;J 

ft 


cscSSlstle 


52aa  cf  Attack 

A  eosyetrioaal  fesdisrh  control  systers  approach  vas  followed 
Shxongboti  ills  tresis  csixg  the  root  leers  technique  as  the  priraiy 
tool  fox  design.  All  the  root  leers  plots  reeled  for  the  design  vere 
race  csieg  Fisher’s  root  laces  csrpstez  grograa  (Sef  5).  A  cceputer  • 
grograa  for  solving  the  later el-directional  eqsaticns  of  notion  (Eef  7) 
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was  used  to  solve  for  all  the  modified  airframe  dynamic  characteristics 
and  transfer  functions  in  each  of  the  three  flight  configurations. 
Knowing  the  necessary  airframe  transfer  functions  and  characteristics,;, 
it  was  their  possible  to  :analyze  the  aircraft  as  equipped  with  the  basic 
series  yaw  damper. 

The  airframe  with  yaw  damper  was  thoroughly  analyzed  for  each 
flight  condition' using  root  locus.  Differences  in  performance  of  each 
flight  condition  were  carefully  noted  so  as  to  establish  positive 
guidelines  for  the  design.  First  design  efforts  involved  trying  to 
find  a  rather  simple  cascade  compensator  to  modify  the  yaw  damper. 
Following  this8  a  multiple  feedback  approach  was  investigated. 

The  system  is  characterized  primarily  by  two  sets  of  second  order 
roots  neither  of  which  are  dominant.  This  makes  analysis  by  convention¬ 
al  feedback  control  techaiaues  extremely  difficult.  For  this  reason, 
all  results  are  verified  by  analog  computer  simulation.  Time  histories 
of  the  analog  computer  output  showing  the  aircraft  response  to  both 
rudder  and  aileron  inputs  are  recorded  for  the  basic  MC-135,  MC-135 
with  basic  series  yaw  damper,  and  MC-135  with  the  final  SAS  design  in 
each  of  the  three  flight  configurations. 

Sign  Conventions 

The  sign  conventions  for  forces  and  moments,  cs  used  throughout 
this  thesis,  are  shown  in  Fig.  1.  More  particularly,  the  sign  con¬ 
ventions  for  lateral  motion  are  shown  in  Fig.  2, 

Rudder.  Rudder  deflection  to  the  left  is  defined  as  positive. 

This  causes  a  positive  g,  positive  v,  negative  N,  and  negative  R. 

Ailerons ♦  Deflection  of  right  aileron  up  and  left  aileron  down 
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is  fegja<s3  zs  scadaiac-  His  erases  x  gesls fro  L,  jesiaiue  #*  and 
gaeSedaB:  ?-  ISrse,  aSas  ebis  ggggzSdaa  ef  gortefae  asSlarrga  is  cor 
s  Sanders. 

SaabSSigy  fels  gwisamu  SSasa  tbe  xSrsafg  J~y*^  x~g  so  erferaad 
c5r.ec  j.  <Sir£cs  sb»  stexrt  gjiabr  crafggfrs.  cb*  .Z-xris  is  si sags  gataHal 
ca  tbe  raSagfae  adsa,  cfhs  eras  sea  safer rad  so  as  stability  anas.  SJhea 
cb®  a£rrrs5g  is  dtesncbgd  fsna  sba  steady  £L£gpg.  ceadisfcxa,  gb&  .rrss 
gesase  wish  ebs  afrfzzsa  and  do  see  ebarg*  disagslco.  -  aisb  respect  so 
ebs  airrrafe. 


Tbs  ,fbl?rcfrg  is  a.  l.lsr  cf  safer 


mass 


cos  tbis  zbesis-  All,  ef  these  asssme risers  are  ernsidened  as  selfd* 
especially  at  sisenis.  Tslodz£ssMso3.  «b»rr*d  csxsse.  ~J»rg'gs‘ 


Eo  tbe  ansigal  system.  analysis. 
jitnSfrsl  acrf.ce  is  sagfesEgd,  sees  asking  ir  prssinls  to 


analyze  she  sy stem  in  Ehree  degress  cf  freedom,  seiber  than  She  ans 
snxplex  six  degrees  cf  freedom. 


-ESstssbesces  fexa  tbs  steady  flight  crnditica  ere  small  and 


confixed  to  «dbe  32  and  TZ  planes- 


•3he  aircraft  is  considered  as  a  rigid  body  with  its  mess  and  c.g. 


remaining  constant. 

•String  tbs  steady  cnsccalerated  Higr!  condition,  tbs  aircraft 
is  flying  wish  wings  level  and  at  constant  altitrde  with  ell  conrcneots 
of  velocity  erraJ  to  zero  except  £L- 
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Kwisica  of  EsszazsSb^ity 

AleSocgjh  bosh  partners  are  thorougily  faniliar  with  all  portisas 
cf  this  thesis,  there  is  a  da  finite  division  of  responsibility  as 
dictated.  by  ASTE  Etepartseat  of  Electrical.  Engineering  policy. 

Cap  tzffa  Garble  is  primarily  responsible  for  the  control  system 
analysis  including  the  development  of  she  necessary  control  transfer 
fgscrfors  and  bloci.  diagrams.  As  a  result,  he  wrote  Qiao  ter  U  and 
cssasblsd  tie  appendices. 

Qsptain  Sir 5th  2s  primarily  responsible  for  the  analog  computer 
simulation  itcleahg  interpretation  of  the  requirements  in  HIL-F-8785A. 
As  a  result,  he  wrote  Chapters  lit  and  IV. 

As  necessary,  both  partners  contributed  to  the  aspects  of  design 
and  the  analysis  and  interpretation  of  the  analog  computer  tine 
histories.  Also,  both  writers  collaborated  on  the  introduction,  and 
ccorlcsicrs  and  recomendaticns.  Chapters  I  and  V,  respectively.  AH 
drawings,  figures,  and  graphs  were  prepared  jointly. 
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II.  System  Design 

The  objective  of  this  thesis  is  to  design  the  necessary  stability 
augmentation  system  (SAS)  which  will  provide  the  control  needed  for 
successful  performance  of  the  MC-135.  The  performance  criteria  to  be 
met  was  extracted  fum  MIL-F-8785A,  ’'Flying  Qualities  of  Piloted 
Airplanes"  (Ref  9).  Since  a  SAS  will  be  installed  in  an  actual  modified 
C-135B  to  be  used  in  a  future  Air  Force  R&D  flight  test,  it  is  necessary 
to  design  a  SAS  that  will  perform  within  the  limitations  of  MIL-F-8785A.. 
The  particular  specifications  (requirements)  that  served  as  the  design 
criteria  were  furnished  by  ASD's  Deputy  of  Engineering,  Airframe  Sub¬ 
systems  Division.  It  was  decided  that  the  damping  ratio,  C,  the  un¬ 
damped  natural  frequency,  con,  and  the  product,  £u>n,  of  the  system’s 
Dutch  roll  would  serve  as  the  primary  design  criteria.  Tests  against 
the  specifications  would  be  done  in  the  final  analog  computer  simulation 
analysis . 

Conventional  feedback  control  systems  design  techniques  were  used 
in  the  investigation  and  actual  design.  Root  locus  techniques  were  used 
in  designing  a  system  which  would  adequately  improve  the  x,  and  of  the 
Dutch  roll.  Frequency  response  plots  were  used  to  determine  the  re¬ 
quired  filtering  for  the  system. 

The  standard  C-135B  is  equipped  with  a  parallel  yaw  damper,  how¬ 
ever,  it  is  felt  necessary  that  in  order  for  the  pilot  to  have  full 
rudder  pedal  control,  a  series  yaw  damper  would  be  used.  Such  a  damper 
is  readily  available  in  kit  form  from  the  Boeing  Aircraft  Company. 
Therefore,  the  design  undertaken  in  this  thesis  essentially  starts  not 
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cica  tbe'bssi c.  cazt^gesseo  5E-135  bet.  raitiber  wicis  see  MI-135  e^tdsj?»5 
with  the  -stsadard  series  yssr  dzmper- 

Tbe  parfiozmamce  eharacterisEies  of  the  basic  system,  £.«*„  aba 
MS-135  equipped  with  caa  standard  series  yaw  draper,  were  trasrscgsly 
stcdled  to  detar rise  act  erteat  £c  which  the  yew  -cancer  casdd  be  used 
ead  «bat  modification  coaid  be  mace  eh^t  scold  res  alt  in  satisfactory 
performance.  3he  objectives  ware  not  only  to  zeet  certain  preselected 
criteria  bet  also  to  beep  the  cost  and  complexity  of  the  design  to  a 
■minima.  therefore,  a  wide  variety  of  cornea  passive  cascade  compert- 
sators  were  tried  in  addition  to  sensing  and  feeding  back  other  lateral- 
directional  parameters.  Every  effort  was  cade  to  preclude  using  sore 
sophisticated  multi-loop  systems  or  systems  containing  elaborate  active 
network  filters  and  compensators. 

Equations  of  Motion 

To  fully  describe  the  notion  of  an  aircraft  requires  a  set  of  six 
differential  equations  -  one  for  each  of  the  six  degrees  of  freedom  of 
movement.  By  assuming  that  no  coupling  exists  between  motion  in  the 
lateral-directional  plane  and  notion  in  the  longitudinal  plane,  the 
original  six  differential  equations  can  be  decoupled  into  two  sets  of 
three  equations  each.  One  set  describes  motion  of  the  aircraft  only  in 
the  longitudinal  plane  or  plane  of  symmetry  while  the  other  describes 
motion  only  in  the  lateral  and  directional  planes  or  motior.  out  of  the 
plane  of  symmetry.  Thus  the  problem  can  be  reduced  to  one  of  three 
degrees  of  freedom  which  describes  either  longitudinal  or  lateral- 
directional  motion  depending  on  which  is  of  interes't. 

Since  the  MC-135  differs  primarily  from  the  standard  C-135B  in 
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cfbiX  far  fLyisj,  ciasacsezfssfsB  gsSfsfr  sa  oraorxfZZy  2-ss^e  crfbT.-rKif.ara 
ifcgrs&dssl i-p-~~i Itrrx  ssrifae.  «2aa  jar2x5a£,  sSae.  ses  cf  Yrty-rnZ-rfi: rygsi lag 


arsrtfacs  cf  scrJ-aa  was 


e2Sj  fbasca  frr  c5a  asaQyjfs-  Ssrtatr 


cza  £e  asaeSa  s&Sss  gf  gi-mcsfly  rasher  :5a  drr&s  <£2 j=®*®  cf 
freedom  grrolem  co  .£  era  dagger  of  irsssSian  ffcsb2eau  &wrasr,  3ee>  «s 
ascrracL-ngtisa  azs  cscsSdrr^S  aox  <yzllf  fcr  sSds  star??  airac*  tins  Etaej* 
rail,  c«e£e3  sa  Izrgg,  gsrdsggfl  sefesssssSal  aasateffls  cf  -yaw,  sSdcslfig, 


asd  soil. 

M 

A  Ehasccsh  dssgZaggrert.  c£  cfe  latesalnSSrecEfgsaH  eccariocs  cf 
sotfc?  So.  Sora  as  cssd.  for  trr5«;  stsiy  f*  gfsaa  fa  Bsf  2»  »3 


three  eqcstSoas,  the  T-fercs,  Irsoaest,  sol  Srccmece  are  Ifsced  fesLasr. 


j£r 

•y  -s-  l\,r  -  g$-sine0  -  gdcosSb  =  Yxr  -5-  Y^w  -5-  Y^p  —  T$r  -3-  TS^SZ 

^6rcr  (2-1) 


23. 

P  "  “  Ljr  4-  L*v  -r  I^p  -b  I*v  -r  ~  L^5X  (2-2) 

m 

f  -  -  Krr  +  B^-h  NpD  +  N*v  +  tf5aca  +  H-  6r  (2-3) 

zz 

As  explained  in  the  reference,  these  are  the  three  lateral-directional 
equations  which  are  linearized  for  small  perturbations  about  a  steady 
reference  flight  condition  of  straight  and  level,  unaccelerated  flight. 

Since  perturbations  about  the  reference  flight  condition  of 
straight  and  level  flight  are  considered  to  be  small, 

P  =  $  (2-4) 
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?rna  5^a«  £  cmn  5m  aSaa  eb*  .■dCKX^Tp  ssgjc0  2?,  2*  grTjgsS  t=> 
e3«  rcf-fortlfy  ^tlscirj,  v*  am 

grgTjf.  «»  — 

Slam  w&sz  2®ea  asssaasd  »  2m  iEsx23, 


£2-d2 


0-49,  C2-55,  aaS  €2-53  fx=r>  €2-33,  0-3),  *=2  €20, 


gafcf:r&  nibs  Kggjgvrg  srzss^ma,  aad  insssfsg  cbe  resets  fa : 


gran 


■yields 


ZVL-^I-Tr 

3. 

"ag5*3?  *  S  «“ 

-=2§-S5 

-  sz  7“  -  23L 
-22 

^  r  Si  S  S^.  "1 


•2-7) 


The  transfer  fsactioss  are  found  fisa  (2-7)  5g-  repeated  applications  of 
Cramer*  s  rule. 

For  this  thesis*  all  necessary  transfer  functions  were  determined 
by  using  the  IBM  7094  digital  computer.  A  complete  calculation,  of  all 
the  transfer  functions  as  well  as  instructions  for  using  the  lateral- 
directional  computer  program  are  included  in  SEG-TR-66-52  (Ref  7).  The 
outputs  of  the  program  for  each  of  the  three  flight  conditions  are 
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serosas!  ere 


cf  gfhfs  cassis-  31: 


2Esa  2s  sage  rs  £2ZrZSr€3-&l  fsr  a  ssra 
.■r-»frj^?g^  asssSjsfs.  2se  frsal  set  cf  jsisisi If-^r  <£gr2xrs2sss  sag  cfnez 


SSC£SS£33r 


dfcsl  JPSZS.  -SSS& 


£Zz£*  «E=£  11 sZs£ 


2 a  Tybl^  SL.  £2  ffgaa52f3gr  (gsri-satisES  ss^sasss3  ss  gsgraes 
ssfber  teas  za£Sass  as3  90  cas  tbs  crdSs  cf  corses- 


3?:e  Basle  System 

'lie  c2=sscis£tcz  cf  £ss  aircraft  transfer  fsastiso  (characteristic 
e^aticn)  can,  is  gereral,  be  written  as 

s(s  -J-  — )(s  -r  3~)Cs2  +  2?^  s  ~r  a2)  (2-2) 

Ts  sr  “  -a  « 
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ggast;  -  aglsal  stage  eSaa  gasansc: 

■Cjjj,  —  rzjS-Tx  ooSfi  efre  casssarat 

5^2  —  «2sg£agj  raafc  cf  Efie  Efcg-sa  rail 

ce*r<2  —  gmSaggaa  aaaaaal  fcsRsssary  cf  t£»  Efcsa&  rail 

She  £cse  "Si*  dferegas  3a3d£c%  fnasscsiaf'sisgr.  la  &^s&z  «br6ss  If 
sfbs  xZsszifz.  ffgmfr-rn;  fs  cbaasefl  sphere  £»  as  mm?**,  -y  for  It  to  zssnm 
Cs  sSai  erf  xCnl  gaaetf-sx  Sen  la  sdiU  tas*  r-gsynt— g_  vKa 

gxzztzzZ xx  CTuacr£.Tz£.  gaZ/nas  cf  cSss.  rsets  c£  eas  s»— l«sri  «r  equation 

£21  ffavfh  cf  ah».  sihasa  Sights.  <■— cf  SET-X35  ass  deS-izaoced 
2?y  naapmrfTg  sry  cn»  cf  sfbe  aircraft  transfer  ffcacticof  using  S3  (2-7) . 
azly  eSs.  cssncafrrtcrs,  foUcoirg  results  are  cb  talced. 


Crafse  Is 


sfs  ~*  -CQ935US  -3-  -62*  (s2  -5-  -CISSte  ■*  .7S>?» 


•J- 


s(s  -5-  ,Q3i4)li  -5-  .225)  (s2  -5-  -039s  r  1.05) 


s(s  -5-  -C24)(s  ~  1.14) (s2  3-  .052s  -r  .55) 


(2-9) 


(2-10) 


(2-11) 


Analysis  of  these  eqnaticns  reveals  feat  the  spiral  rode,  with  rise 
errstart,  rs,  is  of  sorf2a..V.  magnitude  but  new  is  stable.  Normally  this 
soda  is  slightly  castable.  She  time  constant,  tr,  of  the  rolling  mode 
is  also  seen  to  be  seminal.  However,  determining  5^  and  ta^  from  the 
second  order  roots  reveals  a  characteristic  Dutch  roll  that  is  far  from 
the  licit  allowed  under  the  specified  criteria.  In’  fact.  Cruise  2  is 
slightly  unstable  producing  an  ever  increasing  Dutch  roll.  The  damping 
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ratio  for  Cruise  1  and  Poser  Approach  is  .0106  and  .035,  respectively, 
lie  glnimra  allowable  .as  specified  in  MIL-F-8785A,  is'  .19. 

Because  of  the  very  poor  damping  characteristics  of  the  Dutch  roll, 
it  sas  isnediately  decided  not  to  begin  the  analysis  and'  subsquent  SAS 
design  based  oh  the,  performance  of  the  basic  aircraft  but  rather  to 
begin  with  the  aircraft  as  equipped  with'  the  standard  series  yaw* 
darner.  _,A  block  diagram  of  the  general  system  is  shown  in  Fig.  3. 
Substituting  in  all  the  transfer  functions,  reducing  the  servo  ampli¬ 
fier  loop,  and  repositioning  the  rate  filter,,  the  block  diagram  reduces 
to  that  shown  in  Figs  4.  To  facilitate  a  root  locus  study,  the  block 
diagram  of  Fig.  4  is  further  reduced  to  that  shown  in  Fig.  5.  Note 
that  the  pilot’s  input  has  been  relocated;  This  is  hot  intended  for  the 
actual  system  but  is  done  here  only  to  simplify  the  analysis. 

The  airframe  transfer  function  Is  -found  by  first  calculating  +be 
numerator  of  from  (2-7)  and  substituting  in  the  appropriate  constants 
from  Table  II,  depending  on  the  flight  condition  of  interest.  This 
calculation  yields 

Cruise  1: 

=  -.524  s(s  +  .68) (s  -  .09  ±  j.35)  (2-12) 

num 

Cruise  2: 

• 

A  o  -.838  s(s  +  . 875) (s  -  .0716  *  j . 387)  (2-13) 

num 

Power  Approach: 

i  =  -.335  s(s  +  1.13) (s  -  .044  *  j.396)  '  (2-14) 

5r  num 
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SEszllg  eE«  complete  sirfesaar.  trams  far  factions  for  each  of  die  three. 
ffSig it  csaditSscs  are  fsnsd  by  csmlaisg  {2-12)  and  (2-9),  (2-13)  and 
(2—13),  sad  (2-14)  zed  (2-11)  for  Cridse  1,  Cruise  2,  and  Power  Approach, 
rasrecgiT£ly>  The  ffSaal  airframe  transfer  functions,  are  given  as  equar- 
Eiccs  (2-15),  (2-15),  and  (2-17). 

Crcdse  1: 

3>  :ir:-.SZ4  sfs  3  -SS)(s  — .  -09  -  i-35)  _  i5A 

or  s(s  •=•  -CG935){s  *■  -62) (s^  -i  .0189s  4-  .793)  “ 


Cruise  2: 

i  -.838  sfs  •»  .S75)(s  -  .0716  -  1.387) 

5r  s(s  -r  .0114) (s  -i-  .866)  (s^  -  .009s  +  1.05) 


(2-16) 


fewer  Approach: 


h  -.335  s(s  *• 1.13) (s  -  .044  *  i.396) 

t  . •  An/\ /,  •  1  .  nrA .  q  ceV 


(2-17) 


Hoot  locus  Analysis 

Tc  get  an  overall  idea  as  to  the  effectiveness  of  the  standard 
series  yaw  damper,  a  root  locus  was  plotted  for  each  of  the  three 
flight  conditions.  The  procedure  is  illustrated  for  only  Cruise  1. 

Root  locus  plots  for  Cruise  2  and  Power  Approach  are  determined  by 
simply  changing  the  transfer  function  of  the  airframe.  All  other  blocks 
remain  the  same. 

Equation  (2-15),  the  transfer  function  which  represents  the  yaw 
rate  to  rudder  input  for  the  airframe  in  Cruise  1,  is  substituted  into 
the  block  diagram  of  Fig. 5.  The  open-loop  transfer  function  for  the  yaw 
damper  system  for  Cruise  1  is  then  determined  as  given  in  equation 
(2-18). 
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_ , _  Ks(sH-,69)(3-.09ij.35) 

(8+.009Us+.435)  (s+.62)  (s+1.54)  (s+30.3) (s+50) (s+150)  (s+.009±j  .89)  (s+82.3±j85.9> 


(2-18) 


where  K  =  -132  x  108  Kp 

Kp  =  flap  switch  gain 


The  root  locus  plot  of  the  basic  yaw  damper  system  for  Cruise  1  is 
shown  in  Fig.  6.  The  root  iocus  plots  of  the  same  system  but  for  Cruise 
2  and  Power  Approach  are  shown  in  Fig.  7  and  8.  It  should  be  noted  that, 
for  simplicity,  only  those  branches  of  the  root  locus  that  contain  the 
most  dominant  closed-loop  roots  are  plotted.  However,  all  of  the  poles 
and  zeros  were  used  to  compute  the  root  locus.  For  an  illustration,  the 
output  of  the  root  locus  program,  which  was  used  to  plot  the  root  locus 
in  Fig.  6,  is  given  as  Appendix  E, 

To  better  organise  the  analysis  and  design  af  an  effective  CAS,  it 
was  decided  to  concentrate  tae  efforts  on  just  one  cC  the  flight  condi¬ 
tions.  Once  a  satisfactory  system  was  designed,  adjustments  could  then 
be  made  as  necessary  for  the  other  two  flight  conditions.  Since  a  large 
part  of  the  overall  performance  envelope  is  covered  by  the  cruise 
conditions,  it  was  felt  the  system  design  should  be  based  on  one  of 
these  conditions.  Root  locus  analysis  of  the  basic  system  for  Cruise  1 
and  2  (Figs.  6  and  7)  showed  that  the  aircraft  performance  with  the 
damper  ON  was  likely  to  be  less  desireable  in  Cruise  1  than  Cruise  2. 
Therefore,  it  was  then  decided  to  develop  a  3AS  that  would  sufficently 
improve  the  performance  in  Cruise  1.  Cruise  2  should  then  follow  with 
at  least  as  good  a  performance. 


(1)  For  clarity,  second  order  terms  are  written  in  factored  form, 
s  +  *  jm^/l-C^,  rather  than  as  s2  +  2^u>ns  +  u^. 
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MC-135  BASIC  TRW  DRMPER  SYSTEM  CRUISE 


FIGURE  6  -  ROOT  LOCUS 
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MC-135  BRSIC  TRW  BHHPER-  POHEf 


FIGURE  8  -  ROOT  LOCUS 
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^ — t  q£  SfcM23T  JLppZSStSt  ZSZi Z  "ZSStSmS,  CCX*2 
Ese  tzz=s±t£cn  fas am  crcdse  so  gaasg  Ippsssca  is  set  gascsaS  iber  rsaSjsr 
is  «ell  cef*r^d  as-  begisaisg  wssa  Paps  ars  Icwsred,  St  was  fe2s  cSmes, 
if  necessary,  addicicnai  compensators  g^?-»  adjascmsns  codl&  5>e 
-  added  at  tae  time  tie  pester  approach  mode  was  estered. 

Katorally,  ora  world  first  try  £c  improve  ebe  system  perfbzansree 
by  a  sicple  gain  adjustment:.  From  Fig.  6,  tea  root  loess  of  eras  r-.g-yg*- 
airfrase  and  damper,  it  is  seen  that  wren  the  loop  gain  is  set  at  trie 
noxral  value,  i.e.,  =  .322,  the  systea  becomes  predoaltiaotly  ose  cf 

fourth  order  (two  cornier  pairs  of  roots).  Xrr.edia.tely,  this  pcses  a 
major  problem  with  systea  analysis  since  trie  theory  that  has  been  cave- 
loped  for  this  kind  of  work  applies  basically  to  systecs  which  exhibit 
oscillatory  characteristics  that  are  predominantly  second  order. 
Therefore,  the  analysis  becomes  one  of  a  series  of  rather  ludicious 
assumptions. 

Assume  for  now  that  the  complex  roots,  located  along  the  brandies 
which  go  from  the  poles  at  (s  +  .009  ±  j.89)  to  zeros  at  (s  -  .09  * 
j.354),  are  dominant.  Then,  at  the  normal  gain  setting  (K-^  =  .322)  it 
is  seen  from  the  root  locus  plot  (Fig.  6)  that  the  performance  could  be 
improved  if  the  gain  was  decreased  to  the  value  that  positioned  the 
closed  loop  roots  at  the  largest  negative  real  value  possible.  As  dis¬ 
cussed  earlier,  the  main  criterion  for  the  root  locus  analysis  is  to 
achieve  the  required  £wn  which  is,  in  fact,  the  negative  real  part,  a, 
of  a  complex  pair  of  roots.  For  this  case,  the  maximum  ?ojn  is  obtained 
if  Kj,  is  set  at  .219. 

However,  it  is  immediately  seen  that  even  though  it  is  the  maximum 
£0)^  -  .29,  it  does  not  satisfy  the  criterion  of  ?o)n  >  .35.  Remember 
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g&ag.  Out  cc  this  £s*urit  ccrhcc  s£Stczw  Ha  lyrcec  prefers ascst  cnsnsc 
he  s*mj£  ccrir-tSf  us  53®'  3aii»  sagplar  ytfr-  Shwrifcr.  isctr  aaelag 
cerprCrr  jifasihsclsai  ££. i  sStaae  ikrr  •Jar  rscc  is  enecrf.ra  scnia  i»w  tie 
prime?  efface  ca  sucjac  rncycn-e  of  rfbe  jg^casr  amf  rhac  the  specified 
■ralae  for  Sit*,  »  -  25  cosl<£  arc  re  reacied- 

ia  crder  so  denelore  £  SIS  co  zdhieie  tie  zecs^&zr?  -raise  of  Cn^, 
seme  sort  of  fsa»  must  he  fcsrrrryGCEt-ed-  ike  fmedialg  ribiecrive 

*£$  to  recoridcc  zse  srcasas  of  cfe  race  1ocxe5  tarocup  tie  cse  of  £ 
cascade  esapaasator-  E-rascsElIy,  seregl  forms  of  cascade  caEzersztors 
were  trie*?  ss  ciscsssed  la  Appendix  C.  is  Is  sootc,  e^eo  tie  more 
soya  is  cleared  ccmpersators  has  ©niy  a  adaor  effect  ca  reshaping  tie 
root  locos,  particularly  tie  branches  going  from  the  soles  at  (s  -r 
.009  -  j.S9)  co  tie  zeros  ac  (s  -  .09  -  j .354) .  Sir.cs  no  simple  or 

nr^?"  i  ra  1  r.scc  t  ttso  <vMir«a»ncorny  Kx* 

f leant  improvement,  it  was  decided  that  the  response  vodd  have  to  be 
improved  by  augmenting  the  yaw  rate  feedback  with  an  additional  feed¬ 
back  quantity.  As  is  known,  the  Dutch  roll  is  characterized  as  a  com¬ 
bined  cation  of  ysw,  sideslip,  S,  and  roll,  $.  Since  in  the  original 
yaw  damper,  p  is  suppressed  by  sensing  and  feeding  back  p,  as  a  rudder 
control,  it  was  decided  to  augment  the  system  by  sensing  and  feeding 
back  &  to  the  rudder. However,  to  do  this  requires  that  a  complete 
sideslip  sensor  be  installed  on  the  aircraft.  In  the  interests  of 
simplicity,  the  idea  of  a  sideslip  sensor  was  abandoned  in  favor  of  a 
simpler  method  -  th3t  of  sensing  lateral  acceleration,  a^-,  which  re¬ 
quires  only  an  accelerometer  at  the  aircraft  c.g.  Referring  to  Fig.  2, 

(2)  Augmenting  Ji  feedback  with  $  feedback  was  also  tried,  but  proved 
unsuccessful  as  discussed  in  Appendix  C. 
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era  hi  stes  thmr  5  »  cr*  and  a_  =  t.  Then ,  ia  effect,  sensing 

-f 

is  rrrji!?«gars  S3  seasiag  3  which  is  quite  cesireable  to  nininize  g 


Sy 


itself. 


It  is  important  to  tolar  cat  at  this  time,  chat  feeding  back 
signs  is  to  tbs  aileron  vas  considered  end  found  not  to  be  practical. 
Adapting  seen  a  SAS  to  z  C-1353  would  require  quite  an  extensive  hard¬ 
ware  nodi  fleet  ion. 


Stevelomxent  of  Acceleration  Feedback  Systen 

Before  proceeding  with  a  root  locus  analysis  of  the  yaw  damper 
augmented  with  acceleration  feedback  (hereafter  referred  to  as  simply 
the  SAS),  Che  transfer  function  for  lateral  acceleration,  ay,  must  be 
incorporated  into  the  block  diagram  of  Fig.  3. 

The  required  transfer  function  for  lateral  acceleration  to  rudder 
deflection  is  given  as  Eq  (2-29). 


(2-19) 


®vt  3  *  <S 

~S7  ■  YSir  +  Y«r  +  *p«r  +  T«r  +  *** 

where  a  -  total  lateral  acceleration 

£x  -  distance  of  the  c.g.  to  the  point  of  measurement 
(forward  is  positive) 


A  detailed  development  of  Eq  (2-19)  is  presented  in  Appendix  A. 

Substituting  the  appropriate  transfer  functions  and  constants  from 
Appendix  D  and  Table  II  for  Cruise  1  with  £x  =  0,  Eq  (2-19)  becomes 


aycg  =  16.68  (s  +  . 193) (s  +  .967)(s  -  .068)(s  -  .61) 
6  (s  +  .00535) (s  +  . 62) (s  +  .00945  ±  j.89) 


(2-20) 


The  block  diagram  of  the  system  with  acceleration  feedback  is 
shown  in  Fig.  9.  In  the  actual  system,  the  two  feedbacks,  i'  and  , 
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would  be  blended  first  and  their  sum  fed  back.  However,  to  simplify 

the  analysis,  the  acceleration  feedback  loop  is  treated  as  a  complete 

outer  loop.  It  can  be  shown  that  the  two  systems  are  in  fact  equal. 

To  facilitate  a  root  locus  analysis,  it  is  necessary  to  reduce  the 

block  diagram  of  Fig.  9  to  one  with  a  single  input  and  single  output. 

This  requires  a  transfer  function  for  ~y.  Since  the  yaw  rate  and 

lateral  acceleration  transfer  functions  have  the  same  denominator,  the 

ratio  -fy  is  simply  the  ratio  of  the  numerators.  Thus 
V 


-31.9  (s  +  . 343) (s  +  .945) (s  -  .076) (s  -  .62) 
(s  +  . 6884) (s  -  .0923  *  3 . 354) 


(2-21) 


Using  (2-21)  and  combining  the  blocks  of  the  inner  loop,  the  system  can 
be  redrawn  as  shown  in  Fig.  10. 

* 

To  find  the  closed-loop  transfer  function,  of  the  inner  loop, 

e 

the  numerator  is  determined  by  forming  the  product  of  the  numerator  of 
the  forward  loop  and  the  denominator  of  the  feedback  loop  (denoted  by 
•  The  denominator  of  ifc  is  determined  by  finding  all  the  closed- 
loop  roots  of  the  inner  loop  on  the  root  locus  at  a  static-loop  sensi¬ 
tivity,  KgLS  -  -2900  x  106 .  After  cancelling  the  open-loop  roots  of  the 

• 

rate  gyro,  the  transfer  function,  ■&,  becomes 

e 


i 

e 


-12.9x10A(s+.435) (s+,6884) (s+1.54) (s-.0923ij.35A) _ .  . 

9/Ts+.605±J  .  768>  (s+.  74)  (s+30 . 5j(s+49  .9T( s+150)  (s+. 3+j  .  7)  ^ 


Substituting  (2-22)  for  the  inner  loop  of  Fig.  10,  the  system  can  be 
redrawn  as  shown  in  Fig.  11. 

The  open  loop  transfer  function  of  the  outer  loop,  GIIq^,  can  now 
be  obtained  from  the  block  diagram  of  Fig.  11.  The  result  is  given  as 
Eq  (2-23). 
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Figure  11.  Simplified  Block  Diagram  of  Accel  oration  Feedback  System  for  Root  Locus  Anulyoifl 
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4.12x10®  Ka(s+.43S)(8+1.54Ks+.343)(s+.945)(s-.076>(8-.62) 

^  m  T*+:m (*+.74) (s+36 . iy(s+4^Ts+1375Ts+3±i" 7)Ts+.'60S±j .Y6S) (S+573±jS575y 

(2-23) 

Note,  that  in  writing  (2-23),  the  factors  of  (s  4-  .688)  and  (s  -  .092  4 
j.354)  were  cancelled. 

The  addition  of  acceleration  feedback  creates  a  non-minimum  phase 
angle  transfer  function  which  means  that,  for  best  results,  the  sign 
of  the  feedback  must  be  reversed.  To  properly  analyze  this  system 
requires  a  zero  angle  root  locus  rather  than  the  conventional  180 
degree  root  locus.  Using  Eq  (2-23),  the  root  locus  for  the  outer  loop 
can  now  be  drawn  as  shown  in  Fig.  12. 

The  final  question  that  now  remains  is  where  to  select  the  location 
of  the  closed  loop  roots  to  achieve  the  desired  oscillatory  character¬ 
istics,  namely  t  >  .19.  >  .65,  and  >  .35.  As  illustrated  in 

Fig.  12,  the  system  i3  not  predominantly  second  order  but  one  of  at 
least  fourth  order  (two  sets  of  complex  roots)  or  even  higher  depending 
on  how  close  the  real  roots  are  to  their  respective  zeros.  The  analy¬ 
sis  is  further  complicated  by  the  fact  that  the  specified  quantities  of 
and  really  have  meaning  only  with  regard  to  a  simple  second  order 
system.  However,  one  advantage  to  the  SAS  is  immediately  evident.  The 
location  of  both  sets  of  closed  loop  roots  can  now  be  selected  such 
that  each  pair  has  a  >  .35  for  a  given  value  of  Kg^g.  Before  with 
just  yaw  rate  feedback,  the  of  the  troublesome  root  could  never 
have  a  value  greater  than  .29. 

Since  this  system  is  not  predominantly  second  order,  the  analysis 
was  done  by  selecting  a  root  location  such  that  the  average  of  both 

pairs  of  dominant  roots  were  the  largest  possible.  Proof  that  such  a 
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ptncednre  is,  valid  can  best  be  seen  fros  analog  computer  results.  These 
aze  dlscnsssd  la  derail  it  the  near  chapter. 

deferring  to  the  root  Icccs  o£  the  SAS  (Fig,  12)  and  cosparing  it 
es  th*i  of  tie  basic  ys?  dar  er  system  (Fig.  6) ,  it  appears  that  by 
nslrg  acceleration  feedback,  tbs  of  one  of  the  roots  can  be  sub¬ 
stantially  increased  voile  a  relatively  high  5  is  saint edited.  (A  rapid¬ 
ly  decreasing  C  was  the  major  prcblea  with  fee  original  systea.)  It  can 
fcrt&er  be  seen-  fzeaa  Fig.  12  that  several  root  locations  result  in  an 
average  £j%j  of  arproximtely  .45.  Hsvever,  to  take  foil  advantage  o£ 
the  resditing  nigber  ai^,  a  vosl3  res  tilt  in  a  root  being  locat¬ 

ed  at  tea  big-best  ai^  was  used  while  a  543^  &£  .45  was  maintained.  Ihe 
3^0  rerdred  for  this  lecatioa  of  roots  is  Kgjg  =*  45  x  107.  Froa 
23  (2-23), 

_  .  _  — <c_ 

—  <9£.»£.  X 


Ibsa  esc  racrired  acceleration  feedback  constant  is 


_  45  x  537 
A  41.2  x  ID5 


»  1M) 


Sram  this  waloe  of  2a,  she  astral,  gain  or  sensitivity,  sA,  of  the  ac¬ 
celerometer  is  ccapntsd  by  taking  tie  limit  as  s-*0  of  the  accelercneter 
transfer  fmtJLnn.  The  rescue  is  then 
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C  —  l-S-r  --  — 

A  i^o  s2  -5-  I6s.cs  -r  14152 


S,  =  -613 

a* 

A-nceiemim  Feedback  System  fnr  Cmlse  2.  As  stated  earlier,  the 
rkjeni-vs  vas  tn  design  a  ccrgiete  SAS  fnr  Crdse  1,  as  erring  that  when 
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transferring,  to- Cruise  2,  the  performance  would  improve  slightly  or  at 
least  would  not  deteriorate.  With  all  gains  held  constant.  Eq  (2-16) 

pi 

and  — -c^  from  Table  XV  are  substituted  into  the  block  diagram  in  Fig. 

"r 

10.'  This  now  represents  the  complete  SAS  for  Cruise  2.  The  open  loop 
transfer  function  can  now  be  found  and  the  root  locus  plotted.  The 
resulting  root  locus  is  shown  in  Fig.  13. 

Fr$m  Fig.  13,  it  can  be  seen  that  Cruise  2  differs  from  that  of 
Cruise  1  primarily  in  that  the  closed  loop  root  on  the  upper  branch 
now  has  an  wn  -  1.55  as  compared  to  an  -  1.1  for  Cruise  1.  However, 

5  for  the  same  root  has  decreased  from  .40  to  .30.  The  other  pair  of 
roots  is  unchanged;  It  can  therefore  be  assumed  that  the  net  oscilla¬ 
tory  response  of  the  system  in  Cruise  2  will  have  a  higher  frequency 
but  less  damping  with  remaining  approximately  constant!  Later 
analog  verification  shows  the  oscillatory  response  to  indeed  have  a 
higher  la,,  but  with  the  £  remaining  approximately  constant  so  that 
is  actually  improved.  With  such  results,  a  gain  adjustment  when  tran¬ 
sitioning  from  Cruise  1  to  Cruise  2  was  not  necessary. 

Acceleration  Feedback  System  for  Power  Approach.  From  the  root 
locus  of  the  basic  yaw  damper  systems  for  Power  Approach  (Fig.  8)  ,  it 
can  be  seen  that  the  one  pair  of  closed  loop  roots  (inner-loop  closed 
loop  roots)  is  now  very  close  to  the  imaginary  axis.  From  this,  it  can 
be  expected  that  the  damping  of  the  oscillatory  response  will  be  very 

loc.  The  giayirTri  £ta_  that  can  be  obtained  from  this  pair  of  roots  is 

•* 

.14*as  opposed  to  -29  for  Cruise  1  and  .33  for  Cruise  2.  Further  analy¬ 
sis  shows  that  when  using  the  same  gains  as  used  for  Cruise  1  and  2, 
the  of  this  root  is  only  .12.  The  best  5^,  i.e. ,  a  £0^  =  -14,  is 

obtained  if  £_  is  adjusted  frrn  .219  to  .322.  In  the  actual  system 
£ 
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MCrl35  ACCELERATION  FEEDBACK  SYSTEM  CRUISE  2 


FIGURE  13  -  ROOT  LOCUS 
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this  can  be  done  quite  easily  by  changing  resistors  in  the  flap  switch 
which  was  originally  setup  to  switch  Kp  from  .322  to  .500  when  entering 
the  power  approach  mode. 

With  the  inner  loop  now  adjusted,  a  block  diagram  of  the  complete 

system  with  acceleration  feedback  can  be  obtained  by  substituting  (2-17) 

and  -%—&  for  Power  Approach  from  Table  XV  into  the  block  diagram  of 
or 

Fig.  10.  Again,  the  open  loop  transfer  function  is  determined  and  the 

root  locus  plotted  as  shown  in  Fig.  14. 

Note  that  the  value  of  KA  =  110,  as  used  in  Cruise  1  and  2,  results 

in  the  system  having  both  pairs  of  second  order  roots  at  rather  low  co^. 

Even  though  the  z,  for  each  pair  is  relatively  high,  experience  from 

analyzing  the  cruise  conditions  has  shown  that  the  of  the  upper  pair 

of  roots  has  a  great  influence  on  the  net  oscillatory  response  of  the 

system.  It  would  therefore  be  expected  that  the  lower  obtained  when 

•• 

Ka  =  110  would  result  in  a  sluggish  response  in  Power  Approach.  This 
was  quite  evident  from  the  first  analog  computer  runs  for  Power 
Approach. 

In  order  to  correct  the  undesirable  response,  the  accelerometer 
constant,  K^,  was  merely  increased  to  the  point  where  the  £wn  of  each 
pair  of  roots  reached  the  same  value  as  for  Cruise  I.  and  2. 

This  criterion  was  used  here  primarily  because  these  particular 
values  of  produced  the  most  desirable  response  in  the  cruise  con¬ 
ditions  and  it  therefore  seems  logical  to  assume  that  the  same  would  be 
true  for  Power  Approach.  The  values  of  that  are  desired  are  .48 
for  the  upper  roots  and  .40  for  the  lower  roots.  Following  this  proce¬ 
dure,  was  set  at  538.  Referring  to  the  root  locus  (Fig.  14)  it  can 
be  seen  that,  at  this  setting  of  gain,  the  of  the  upper  root  is  now 
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2.1  radian  per  second  while  the  501^  of  each  root  is  the  same  as  for 
Cruise  1  and  2.  It  can  therefore  be  concluded,  as  is  quite  evident 
from  the  analog  time  histories,  that  the  net  frequency  of  the  oscilla¬ 
tory  response  for  Power  Approach  has  been  greatly  increased. 

Final  System  Adjustments 

Final  gain  adjustments  were  made  based  on  subsequent  results  from 
the  analog  simulation.  It  was  determined  that  the  optimum  response  for 
Cruise  1  is  obtained  for  a  K^  3  125  instead  of  the  previously  computed 
value  of  110.  The  adjustment  in  also  improved  the  response  for 
Cruise  2. 

Similarly,  final  adjustments  cf  were  made  for  Power  Approach. 

It  was  determined  that  the  optimum  response  is  obtained  for  =  440 
as  compared  to  the  previously  computed  value  of  538. 

As  evident  from  the  design,  in  order  to  maintain  satisfactory  per¬ 
formance  when  transitioning  from  a  cruise  condition  to  Power  Approach, 
an  accelerometer  ga^n.  change  from  K^  =  125  to  440  is  required.  Since 
a  "variable  gain"  accelerometer  is  not  practical,  the  same  objective 
can  be  accomplished  by  using  an  accelerometer  with  K*  =  440  and  simply 
attenuating  its  output  when  in  cruise,  such  that  the  net  effect  would 
be  a  3  125.  This  can  most  easily  be  done  by  adding  a  secondary 
"flap  switch"  located  in  the  outer  loop  feedback  loop.  This  second 
switch,  designated  Kg  and  equal  to  =  .284,  can  work  in  conjunction 
with  the  primary  flap  switch,  Kp.  During  cruise,  Kp  is  set  at  .219 
while  Kg  ±3  set  at  .284.  When  extending  the  flaps  for  Power  Approach, 
Kp  will  be  switched  to  .322  and  Kg  to  1.0.  A  block"  diagram  of  the  final 
system  is  shown  in  Fig.  15. 
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Figure  15.  Complete  System  Block  Diagram 
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III.  Requirements 

The  SAS  was  designed,  primarily,  to  improve  the  Dutch  roll  damping 
(5)  and  frequency  (w^)  to  acceptable  values.  However,  damping  and 
frequency  are  not  the  only  criteria  that  have  to  be  investigated  to 
determine  good  flying  qualities.  Therefore  other  requirements,  in 
addition  to  5  and  0^ ,  have  to  be  considered.  Performance  requirements 
for  the  SAS  plus  airplane  flying  qualities  were  chosen  from  MIL-F-8785A 
considered  the  latest  in  flying  qualities  criteria,  and  are  listed  in 
Table  III. 

Techniques  of  Measurements 

The  parameters  required  to  check  the  first  requirement  are 
frequency  (w^)  and  damping  (O  as  well  as  their  combination  (£a>n) . 

Since  the  simulated  system  contains  two  sets  of  complex  roots,  the 
techniques  used  to  measure  5  and  vary  slightly  from  the  techniques 
used  for  a  simple. second-order  system. 

Damping  and  Frequency.  Figures  16  and  17  illustrate  the  method 
used  to  obtain  5  and  First,  determine  the  transient  peak  ratio 
(TPR)  from 


TPR,  ^.^3 

AXX  AX2 


(3-1) 


Use  this  TPR  value  to  read  C  from  Fig.  17  (Ref  9) .  The  damped  period 
(X)  is  the  time  between  two  successive  peaks  or  between  every  other 
crossing  of  the  steady  state  value.  With  both  the  ‘damped  period  and 
the  damping  ratio  known,  the  undamped  natural  frequency  can  be  deter- 
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Table  III 
Requirements 


Reg  No 

MIL- F- 87 85 A  Para 

Requirement 

1 

3, 3. 1.1 

Butch  roll  damping  >  .19 

Dutch  roll  frequency  >  .60 

Damping  x  frequency  >  .35 

’■"Notes  The  governing  ?  requirement 

is  that  yielding  the  largest  value 

2 

3. 3.1. 2 

Roll  mode  time  constant  <  1.4  sec 

3 

3. 3. 1.3 

Spiral  stability  -  time  to  double 

bank  angle  >  20  sec 

4 

3. 3. 2.2 

Roll  rate  (large  inputs)  -  first 

minimum  >  25  per  cent  of  first  peak 

5 

3. 3. 2. 2.1 

Roll  rate  (small  inputs)  -  Posc/Pav 

must  be  within  limits  of  Fig.  25 

6 

3. 3. 2. 4 

Sideslip  (large  inputs)  -  8  <  10K 

7 

3.3. 2.4.1 

Sideslip  (small  inputs)  -  A8max 

must  be  within  limits  of  Fig.  27 

GGC/EE/70-8 


Figure  16.  Determining  Transient  Peak  Ratio  (TPR) 


Figure  17.  £  Versus  TPR 


43 


GGC/EE/70-8 


mined  by  Eq  (3-2). 

-  .Ml  (3-2) 

n  &T 

A  five  degree  rudder  doublet  input  was  used  to  insure  that  the 
steady  state  value  of  sideslip  would  equal  zero  since  this  method  of 
measuring,  i;  and  requires  the  steady  state  value  be  known.  An 
impulse  input  could  be  used  but  has  the  disadvantage  that  the  output 
trace  has  to  be  observed  until  the  oscillations  die  out  to  get  the 
steady  state  value.  Because  of  the  symmetry  of  a  doublet  input,  the 
output  trace  does  not  have  to  be  observed  until  the  oscillations  die 
out  since  the  steady  state  value  is  known  to  be  zero.  The  sideslip 
trace  was  chosen  for  the  measurement,  but  other  traces  such  as  roll 
rate  ($)  or  bank  angle  (<&>  could  be  used  to  obtain  the  same  results. 

In  order  to  accurately  measure  the  damping  and  frequency  of  the 
free  oscillations,  peaks  or  valleys  occurring  before  the  rudder  input 
was  completed  (2  sec)  were  discounted.  The  first  peak  or  valley 
occurring  after  two  seconds  is  designated  number  one  and  the  peaks  and 
valleys  are  numbered  sequentially  from  that  point.  As  the  rudder  input 
would  also  disturb  the  frequency  of  the  free  oscillations,  initial 
time  (tQ)  used  to  measure  the. damped  period  was  chosen  to  coincide  with 
the  peak  or  valley  designated  number  one. 

For  a  simple  second  order  system,  the  transient  peak  ratio,  and 
therefore  the  damping  ratio,  would  have  the  same  value  regardless  of 
which  two  successive  peaks  were  measured.  For  two  sets  of  complex 
roots,  the  TPR  varies  with  respect  to  which  peaks  are  measured.  This 
alone,  as  can  be  seen  from  Eq  (3-2),  would  result  in  the  frequency 
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varying  with  respect  to  where  measured.  Also  the  damped  period  itself 
is  dependent  =on  iwhich  peaks  are  measured. 

Since  damping  and  frequency  varies  with  point  of  asasurenentj,  sense 
consistent  reference  must  be  used  to  provide  results  suitable  for  com¬ 
parison.  It  was  decided  to  use  the  least  favorable  values  in  each  ran 

for  this  reference.  A  satisfactory  SAS  design  should  improve  these 

* 

least  favorable  values  to  acceptable  values. 

Roll  Mode  Time  Constant.  Figure  18  illustrates  the  method  used  to 
determine  roll  mode  time  constant.  One  time  constant  is  defined  as  the 
time  it  takes  the  output  to  decay  to  36.2  per  cent  of  its  original 
magnitude.  The  time  when  the  output  starts  to  decay  from  £  is  desig¬ 
nated  T0  and  the  time  when  the  output  reaches  36.2  per  cent  of  S  is 
designated  Tj_.  The  actual  value  of  K  is  irrelevant.  The  roll  ssode 
time  constant  is  determined  from  Sq  (3-3). 

Tr  =  Tx  -  Tq  (3-3) 

Spiral  Stability.  To  measure  this  parameter,  the  simulation  is 
rolled  to  a  bank  angle  of  twenty  degrees  and  then  the  controls  are 
released.  The  time  it  takes  the  bank  angle  to  double  (reach  40  degrees) 
is  measured. 

Roll  Sate  Oscillations  (Large  Inputs).  Step  aileron  inputs,  of 
varying  magnitudes,  are  held  fixed  until  the  hank  angle  charges  ninety 
degrees.  Then,  the  roll  rare  ($)  at  the  first  minimus  is  measured  as 
a  percentage  of  the  first  maximum. 
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Roll  Rate  Requirement  (Small  Inputs) .  Three  parameters ,  (1) 
Posc^Pav»  ^  »  an<*  O)  $P/f5  must  be  measured  for  this  requirement. 

Posc^Pav  a  measure  of  the  ratio  of  the  oscillatory  component  of  roll 
rate  to  the  average  component  of  roll  rate  following  a  rudder-pedals- 
free  step  aileron  input.  Eq  (3-4)  and  Fig.  19  show  how  -0SC/Fav  *3 
measured  (Ref  9). 


posc/pav 


Pi  ~  p2 
Pl  +  P2 


if  C  >  0.2 


posc/pav  *  7"  if  C  <  °’2 


Pi  +  P3  4-  2P2 


(3-4) 


The  parameter  ijig  is  the  phase  angle  of  the  Dutch  roll  component 
of  sideslip.  Eq  (3-5)  and  Fig.  20  illustrate  how  to  determine  ij>g. 


% 


[.7 360  tfl  +  (n  -  1)360]  degrees 
tD 


where  Tq  «  period  of  Dutch  roll 

tn  =  time  to  the  nth  peak  of  sideslip  trace 


(3-5) 


Several  oscillations  are  needed  to  measure  this  parameter.  It  is 
necessary  that  the  peak  measured  is  not  disturbed  by  the  roll  mode. 
Therefore  peaks  considered  are  ones  that  occur  after  one  or  two  roll 
mode  time  constants. 

Ramping  of  the  sideslip  trace  is  another  effect  which  degrades 
accuracy  if  not  taken  into  consideration.  Ramping  results  in  a 
movement  of  the  portion  of  the  peaks  on  the  sideslip  trace  with  respect 
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to  Dutch  roli  component  peaks. 

Dutch  roll  co^.v-enf  peaks  are  designated  by  drawing  a  line 
through  the  ramping  portion  of  the  trace  (see  Fig.  20)  and  these  peaks 
are  located  when  the  vertical  distance  between  the  ramping  line  and  the 
sideslip  trace  is  largest. 

The  parameter  £P/0  is  the  phae-  .  »  '■  J  r-ntv  ana 

sideslip  in  the  free  Dutch  roll  oscill  v  i0"^.  Eq  (3-6)  and  Fig.  21 
3how  how  to  measure  this  parameter. 


*P/6  =  [- 


X 


- Jv>w  j  • 


degrees 


D 


(3-6) 


As  before,  the  peaks  chosen  should  be  one  or  two  roll  mode  time  con¬ 
stants  after  the  input  to  assure  measurements  of  free  Dutch  roll 
os  cillntlw.io . 

The  value  of  Posc/Pav  following  a  step  aileron  input  must  be 
within  the  limits  of  Fig.  22.  This  requirement  exists  up  to  an  input 
of  magnitude  that  causes  a  sixty  degree  bank  angle  change  within  1.7Tjj 
seconds. 

Sideslip  Excursions  (large  Inputs) .  The  amount  of  sideslip 
following  a  step  aileron  input  must  be  less  chan  10K.  The  parameter 
iC  is  the  ratio  of  actual  roll  performance  as  measured  from  the  roll 
trace  to  the  required  roll  performance  as  specified  in  MIL-F-8785A. 

For  this  case,  the  required  roll  performance  is  thirty  degrees  in  two 
seconds.  Therefore,  K  equals  the  bam  angle  measurement  at  two  seconds 
divided  by  thirty  degrees.  The  sideslip  is  measured  at  the  point  where 
the  bank  angle  has  changed  by  ninety  degrees.  Essentially,  K  is  a 
scale  factor  allowing  corresponding  larger  amounts  of  sideslip  for 
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Figure  21.  Determining  £P/8 
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larger  i»:  .its. 

Side^l  ■•  Requirement  (Small  Inputs).  The  parameter  ABEax  la  found 
i;  the  maximum  change  in  sideslip  occurring  within  two 

seconds  or  (1/2)10,  whichever  is  grea  ar,  after  a  seep  aileron  input. 
Thl«  parameter  varies  with  respect  to  the  magnitude  of  input. 

7se  shape  ot  the  sideslip  trace  determines  which  two-second  period 
of  ti ’•  As  to  be  used  tor  the  measurement  of  1,'^.  Figure  23  shows 
this  t.v/c-s«cond  period  of  time  varying  with  respect  i the  shape  of  the 
ei  r’ilip  trace.  The  limit  for  £8max  is  shown  in  Fig,  24. 


Figure  24.  Limit  foi 

lUo  A 
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IV.  Analog  Results  >,uA  Discussions 

The  final  step  was  to  demons ci ate,  through  analog  computer  simula¬ 
tion,  that  the  stability  augmentation  system  (SAS)  does  indeed  improve 
the  lateral-dirsclxonal  flying  qualities.  The  analog  results  were  also 
used  to  specify  the  actual  value  of  K.  to  be  used. 

A 

Previously,  root  locus  analysis  indicated  an  operating  region,  but 
since  the  system  contains  two  sets  of  complex  roots  the  analysis  could 
not  determine  the  best  value  for  this  parameter.  The  interaction  of 
the  two  sets  of  complex  roots  is  evident  on  the  analog  outputs  and  the 
optimum  value  (K^)  was  chosen  from  these  outputs.  This  procedure  was 
followed  in  Cruise  1  and  Power  Approach.  The  Cruise  1  value  was  used 
in  Cruise  2  with  satisfactory  results.  The  three  flight  conditions  are 
listed  *! n  di?*?**0*-  Trblc  t t 

Equations  of  Motion 

The  equations  of  motion  used  for  the  analog  simulation  are  given 
in  Chapter  II  (Eqs  2-1,  -2,  and  -3).  Table  II  shows  the  different 
stability  derivatives  for  the  three  flight  conditions.  ASL's  TR-69-97 
(Ref  6)  explains  how  these  values  were  determined. 

The  analog  wiring  diagram  is  shown  in  Fig.  25.  This  wiring 
diagram  represents  the  circuitry  of  the  stability  augmentation  syscem 
(SAS)  which  includes  the  MC-135  with  both  feedback  loops  (yaw  rate  and 
Y- acceleration)  connected.  Throughout  this  chapter,  the  term  "yaw 
damper"  will  denote  the  MC-135  with  yaw  rate  feedback.  A  one  degree 
step  aileron  input  was  applied  to  *’he  MC-135  simulation  to  compare  with 
the  output  from  Griffin's  digital  program  (Ref  7).  The  analog  solution 
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Figure  25.  Analog  Wiring  Diagram 
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not  reproducible 
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Figure  2'j.  Analog  Wiring  Diagram  (page  4  of  4) 
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compared  favorably  to  Che  digital  results,  coofijpaing  that  the  analog 
$4scalation  was  working  pro  parly. 

igigat  Conditions 

Cruise  1.  thing  5  and  uLj  as  tfi>?  parameters  primary  importance , 
the  optlsjsss  value  of  2^  was  determined.  Figure  26  illustrates  how  die 
■valves  of  s  «  «=!22ge  with  varying  Sg„  Ibe  2^  vafeses  investigated 
were  60,  S3,  123,  usd  155-  Both  the  c  and  increase  is  in¬ 

crease*  therefore  £22^  increases  with  3a-  Even  larger  would  result 
fraas  larger  S,  values.  ucwevsr,  these  larger  t^Sees  also  t-esuit  ia  a 
disadcftstage.  ih is  disadvantage  is  the  increase-*  ‘tine  for  t&w  sideslip 
trace  6®  reads  steady  state.  The  time  to  reach  ste-ady  state  is  lasrgje 
at  the  lever  values  of  S*  because  of  the  lew  daapieg  and  frequency/  /s 
the  E_j  value  is  increased,  the  tine  to  steady  state  decreases',  while  < 
and  increases-  *L\*  is  farther  increased,  the  time  to  steady  state 
starts  to  increase  again  is  a  rusalt  of  the  ripple  that  appears  at 
thase  higher  vaices  of  "This  ripple  is  noticeable  fjj  the  *  155 

output  trace-  A  higi  5^  is  desirable  but  a  long  tine  to  steady  State 
is  not.  Therefore,  a  ccapromise  between  the  value  thav.  fex»  tbu  short¬ 
est  tine  to  steady  state  (2^  =  95)  and  the  value  that  has  the  largest 
£is_  (3^  =  155)  was  used  to  pick  the  opticus  value  of  125. 

Free  the  rudder  trace,  it  cat*  be  seen  new  larger  3^  v<  less  result 
ia  rose  rudder  covenant.  It  is  this  rudder  movement  that  damps  the 
oscillations  in  the  sideslip  trace. 

The  information  taken  from  Fig.  26  is  1 i : tad  in  Table  1 '%  From 
thr*  table,  the  cczprordse  oetveen  tine  M  steady'  state  and  Itrge  £0^ 
is  apparent.  The  3.  value  chosen  (125)  has  a  3  over  £u_  than  a  ’»  value 

A  'J  » 
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Figure  26.  Varying  -  Cruise 
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of  155.  However,  a  KA  of  125  only  takes  13.0  seconds  to  reach  steady 
state  as  compared  to  the  15.5  seconds  that  a  of  155  takes  to  reach 
steady  state. 

Table  IV 


Versus  £,  ?o»n  and  Time  to  Steady  State  -  Cruise  1 


ka 

C 

“n 

?0)n 

Time  to  S.S.  (sec) 

60 

.425 

.912 

.387 

16.25 

95 

.500 

1.021 

.510 

12.50 

125 

.540 

1.100 

.595 

13.00 

155 

.580 

1.360 

.787 

15.50 

A  rudder  doublet  input,  to  measure  £  and  is  shown  in  Fig.  27. 
From  the  g  and  <{j  traces  of  the  MC-135,  it  is  apparent  that  £  is  far  too 
small  as  the  oscillations  appear  nearly  constant.  The  frequency  does 
meet  the  requirements;  however  £'j)p,  as  well  as  £,  is  below  specifica¬ 
tions.  The  output  from  the  yaw  damper  shows  &  substantial  increase  in 
£  but  con  is  decreased.  Both  £  and  <0^  are  above  minimum  requirements, 
however  their  product  (£0^)  is  below  the  accessed  minimum. 

The  rudder  traces  show  both  the  yaw  dam;.  ,ir  and  the  SAS  cause 
rudder  movement  in  the  attempt  to  damp  out  ':he  oscillations.  The 
rudder  movement  with  SAS  on  is  fifty  per  cent  larger  than  with  just  the 
yaw  damper,  but  the  frequency  of  this  rudder  movement  looks  approxi¬ 
mately  the  same  for  either  yaw  damper  or  SAS. 

me  SAS  do  es  not  provide  any  significant  increase  in  £,  but  it 
does  increase  such  that  £10^  is  now  acceptable.  The  parameters 
measured  from  Fig.  27  are  shown  in  Table  V. 
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Figure  27.  Comparison  of  ?  And  -  Cruise 
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Table  V 


4 ,  ttf,, ,  and  Versus 

MC-135, 

YD,  SAS  - 

Cruise  1 

Configuration 

5 

“h 

KC-135 

.02 

.898 

.0179 

YD 

.34 

.810 

.2764 

SAS 

.35 

1.190 

.4165 

With  £,  cjjj,  and  ?un  satisfactory,  the  following  figures  were  used 
to  investigate  the  other  requirements: 

Figure  Requirements 

28  roll  node  tine  constant  (2) 

29  spiral  stability  {3) 

30  and  31  large  aileron  Inputs  (4  and  6) 

32,  33  and  34  snail  aileron  inputs  (5  and  71 

Figure  28  compares  the  roil  mode  tine  constant.  An  aileron  step 
of  some  small  duration  (1  or  2  sec)  was  used  as  the  input.  The  length 
and  magnitude  of  this  input  is  insignificant  since  it  is  only  used  to 
get  the  roll  rate  to  some  initial  value  from  which  it  starts  to  decay 
when  the  input  is  discontinued.  The  amount  of  undershoot  becomes 
increasingly  smaller  from  MC-135  to  yaw  damper  to  SAS.  However,  the 
roll  mode  time  constant  does  not  vary  enough  to  measure  any  change  from 
the  analog  output.  The  measured  value  is  1.1  seconds  which  meets  the 
requirement  of  less  than  1.4  seconds. 

Figure  29  shows  the  test  for  spiral  stability.  In  all  three 
configurations,  the  bank  angle  converges  back  to  zero  rather  than 
diverging.  Therefore,  the  requirement  for  spiral  stability  is 
satisfied. 
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Figures  30  and  31  are  used  to  check  the  requirements  concerning 
large  aileron  inputs.  A  twenty  degree  step  aileron  is  shown  in  Fig.  30 
while  a  fifteen  degree  aileron  is  shown  in  Fig.  31.  The  specifications 
for  large  aileron  inputs  require  a  bank  angle  change  of  ninety  degrees. 
To  keep  the  small  angle  approximation  equations  valid,  the  aircraft  is 
first  banked  to  minus  forty-five  degrees.  When  the  output  traces  have 
stabilized  at  this  condition,  the  aileron  step  is  applied  and  the  bank 
angle  changes  from  minus  forty-five  to  plus  forty-five  degrees.  At 
this  point,  the  input  is  taken  out.  From  Fig.  30  (SAS) ,  it  is  seen 
that  the  aileron  is  removed  before  a  distinct  minimum  occurs  in  the  <j> 
trace.  However,  the  small  angle  approximation  equations  dictate  the 
removal  of  the  input  and  therefore  the  value  of  at  this  point  is 
designated  as  the  minimum.  It  can  also  be  seen  from  this  figure  that 
the  rudder  is  required  to  move  only  about  one  degree. 

/ 

Figure  31  shows  that  for  this  slightly  smaller  value  of  aileron 
step,  the  $  trace  with  the  SAS  on  has  time  to  reach  a  minimum  before 
the  input  is  removed.  The  bank  angle  at  two  seconds  after  the  input  is 
fifteen  and  thirteen  degrees  for  the  step  aileron  inputs  of  twenty  and 
fifteen  degrees,  respectively.  This  provides  a  K  of  .5  for  the  twenty 
degree  input  and  a  K  of  .434  for  the  fifteen  degree  input.  The  side¬ 
slip  measured  at  the  point  when  the  bank  angle  has  changed  ninety 
degrees  is  within  the  specifications  of  Requirement  6  for  these  two 
values  of  K. 

Table  VI  tabulates  the  measurements  taken  from  Figs.  30  and  31. 
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Figure  30 .  20  Degree 
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From  Sag-  32,  i£  mas  <s2Xeea±a2s3  eesr  Scrg/-/S-_T  increased  odda  tbs 

yas?  damper  03  bet.  cben  decreases  grace  SIS  cc  2a  2  -alee  smaller  cbsa 

sea  HD-133  value  of  ?osc/?sy-  3ae  ?cs_/?„  valnes  for  beta  HD-235  and 

yasar  damper  are  satisfactory  crlj  if  and  )?/3  are  cf  certain  valnes- 

Eosarrer,  See  improvement  in  ?osc/P__y  vice  SiS  ca  is  sufficient  to  meet 

tee  rereirereets  regardless  of  tee  values  of  §-  aed  )?/S- 

3b  determine  ia  and  £?/3,  toe  time  of  tie  first  peak  in  tee  3 

trace  is  required-  Sie.ee  tbs  oscillations  in  tee  3  trace  are  extremely 

difficult  to  measure  for  small  inputs  vita  tie  SIS  ca  (see  rig-  35) ,  it 

is  fortunate  that  these  values  of  r-  and  )?/-  are  not  required-  From 
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Figure  33-  Fcur  Isegree  Ailercn  Step  -  Cruise  1 
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Figure  34.  Two  Degree  Ailerco  Step  -  Cruise  1 
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Ea».  32,  it  is  alsc-  apparest  t hat  more  aovasgat  is  required  of  the 
ts55ar  wish  just  she  jsa  denser  shea  with  the  SAS  cq. 

"She  meameagats  Sa-hes  fean  Els?.  32,  33,  azd  34  are  listed  ia 
Table  wZL. 


Teble  7H 

C-TpaVS  AilsjSQ  ZSSSSS  —  CtcSSS  X 


|3aC<5£S> 

Ccuffsrraricn 

-esc/^sv 

% 

i?/3 

»^{6eg)  S 

t&asx  if *b 

23D-135 

-111 

-226 

92 

4.C 

-133 

1.05 

=  7-SS2 

6 

33 

.222 

— 24S 

123 

5.0 

-267 

1.20 

=  7.152 

<gjg 

.951 

# 

# 

6.0 

.203 

.60 

=  3.GC2 

j 

33C— 235 

-053 

-231 

92 

3.5 

.110 

.60 

=  5.452 

j  4 

33 

-234 

-252 

12S 

4.0 

.233 

-S3 

*  6.002 

SfS 

.052 

# 

# 

4.5 

-133 

.42 

-  2-822 

SE-335 

-123 

-237 

92 

2.0 

-€557 

.34 

=  5.083 

2 

33 

-241 

-255 

125 

2.5 

fn 

•  *Wjr 

"  5.972 

j 

SIS 

-065 

# 

X 

X 

2-0 

-057 

.23 

=  3.002 

jl  aeas- 

—erect  act  necessary  sic 

ce  parameters  rest 

reaaireaests 

regardless  of  va Ice 


Crufsg  2.  The  Cruise  1  value  of  is  used  for  Cruise  2  and  this 

value  provides  acceptable  5  and  ssl,.  therefore,  2^  —  125  is  used  to 

investigate  she  ether  recuirezeuts  is  Cruise  2. 

Figure  35  carp  ares  5,  s&_,  ard  ?ra  this  figure,  it  is  seen 

shat  Cruise  2  is  unstable  fur  the  JS-135  as  the  cs  cilia  tiers  diverge. 

* 

Ihe  yev  carper  irjroras  the  ;  to  a  acceptable  value  as  sell  as  5^. 
Ibis  is  a  noticeable  irprovarest  over  Cruise  1  vrerc  the  yav  carper 
dees  cat  provide  satisfactory  rr.., •  With  the  SIS  ea,  the  £  actually 
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Figure  35*  Comporioon  of  j;  And  u>n  -  Cruioc 
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decreases  bat  the  increases  by  a  greater  aamcsf.,  therefore  £0^ 
increases. 

Table  Tin  shoos  that  both  fee  yaz  camper  fe»  -SIS  nest  fee 
requirements  on  5,  u^,  and  Catj. 


Table  Hu 

5,  ssjj,  and  Tenses  SIC-135,  TS,  SIS  -  CrnSse  2 


Configuration 

KC-135 

-017 

1-04 

-GIS 

YD 

-450 

-94 

-421 

£AS 

.360 

1.68 

.sio  | 

The  following  figures  are  used  to  feed:  fee  ofeer  ressizeaffigts. 
Flame  Beondrenents 


36 

37 

33  and  39 
40,  41,  and  42 


roil  node  time  constant  (2) 
spiral  stability  (3) 

large  aileron  inpots  (4  and  6} 

snail  aileron  inpots  (5  and  7) 


Figure  36  illustrates  feat  fee  roll  mode  time  constant  fees  not 
change  when  going  to  the  different  configurations-  Tha  roll  node  tine. 


constant  is  measured  as  1.1  seconds  which  is  satis factory - 


Since  the  spiral  oc-ce  is  convergent,  fee  spiral  stability  reqnire- 
rent  is  satisfied  and  Fig-  37  demonstrates  this. 

Figures  38  and  39  are  twenty  and  fifteen  degree  aileron  step 
inputs,  respectively.  As  in  Cruise  1,  the  problem  arises  in  deter¬ 
mining  the  minima  of  the  roll  rate  trace  for  the  twenty  degree  aileron 
input.  The  value  of  \  when  the  input  is  discontinued  is  designated  the 
o  ini  cur,  value.  These  values  of  bank  angle  (fifteen  and  twelve  degrees) 
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figure  36.  Roll  Mode  T;,ma  Coneuen*:  -  Gvuiee  2 


Figure  38.  20  Degree  Aileron  Step 
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Figure  39.  15  Degree  Aileron  Step  ~  Cruise  2 
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magged  ax  esc  $>»caTdh>  *zzex.  :2a.  fxpzx  fs  jgglfed  are  sssrS*  SdggXfsaS 
to  erase  segsrad  fa  Cradse  1  frSfcaaa  jrad  jaifatoas  (Ss^zsfsJ. 

Eha  amosex  c£  aatSSes  wagegeax  z®£zfr«d  is  resteofeS  sirfb  SS  co- 
Saaerar,  Xbe.  mSSrs  is  gagrfra sd  to  sen?*  lass  ssan  too  degrees  aiia  ocsiy 
tfs*  yzw  cssper  wStfca  is  ccaplfcxely  asggpsaS>2ffi« 

Tbs  ozzanetess  sagged  aaaa  2Sgs-  33  aaS  3  sst  listed  fa  3a5a!Ls 


Z&bla  IZ 

large  M3azso  lepras  -  Crtdse  2 


(deg) 

CsaSLgorafcSsa 

?2 

gprri.  Cd£g) 

E 

5  ax  5S®  rail  f c 

S5-I35 

65.7 

25.0 

.835 

2.75  *  4-4S 

20 

IS 

61.5 

20.0 

.667 

2-75  =  4.23E 

SAS 

S1.5 

17.0 

.565 

1.75  =  3-2fiZ 

r-i« 

57.7 

70.0 

ft*- 

?  ?■>  =  3  lisr 

15 

TD 

60.7 

12.0 

.401* 

2-00  *  S-CGS 

SiS 

82.0 

12.0 

.430 

1.50  =  3.74S 

Stef  ail  am  inputs  of  six,  four,  and  two  degrees  are  shewn  in 
Figs.  40  __  41.  md  42,  respectively.  There  is  a  significant  difference 
between  snail  ileroa  inputs  of  Cruise  1  and  of  Cruise  2  with  SAS  on 
configuration,  ?osc^"av  is  of  sufficient  magnitude  that  y>g  and  >?/8 
oust  be  measur-.  \  to  determine  if  P ___/P3W  is  within  specifications. 

The  oscillations  in  the  sideslip  trace  are  more  discernible  in  Cruise 
2  than  in  Cruise  1  and  therefore  iig  and  £P/{3  are  measurable.  These 
oscillations  are  virtually  non-existent  in  Cruise  1  with  SAS  on.  How¬ 
ever,  ijig  and  are  not  required  due  to  the  smaller  P0sc^av 
Cruise  1. 
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Figure  40.  Six  Degree  iilewa  Seep  -  Cruise  2 
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Tigzze  41.  7z~2x  -degree  Mlercts  Step  -  C raise  2 

S3 


sas 


acfszfi o-s 


is5  DCSSra,  J233T  28Sc3SS  ia  S3  rirnr>— g-»-r^  ■*?•?  £3* 

-cw/^sy  2=5  ^SgaGc*  S3S  ea  decreases  cbes*  aso  pEsiasSars  as 
smaller  Talaas  t&sra  abe  2E-135  uaSoss-  Tbe  zacaiasd  roS3ar  ’nnaseas  is 
maasnea  ±a  of  <5»graas  srtber  abas  ia  ^agrass  as  is  tba  esse  for 

3args  aSJersa  fojds- 

•grSSe  1  correlates  aba  iagsrnariaa  es3aa  from  tbesa  small  aflarsm 


Tabla  1 


Power  Approach.  Figure  43  illustrates  how  the  optimum  value  of 

is  determined.  By  looking  at  the  sideslip  trace  for  a  of  125,  it 

becomes  obvious  that  this  value  of  is  inadequate  for  Pvver  Approach. 

While  both  £  and  are  above  minimum  for  this  value,  the  501^  value  is 

below  minimum.  Also,  the  time  to  steady  state  is  a  long  twenty- two 

seconds.  The  other  four  K.  values  shown  all  provide  acceptable  £,  u  , 

a  n 

and  with  the  time  to  steady  state  varying.  The  value  440  provides 
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scca.  2be  .23  £::»  .Cf-TT**.  fs  acre  dram  eagpenEagaa.  £?r  cfhe  -S  garrrgwH 
aZasoc;  efae  ca  scenfy  scree-  Hbtyefms,  die  tsrlsig  cf  3^  fjotia  as 

CjCfcma  fa  a40.  'fVf'c  ■r—.a* -— -t-— ?— m  ■’V.  *3  T7. 

2a5Qe  32 


%  Vszsxss  e,  as^. 

5^J 

a m2  Crime  so  St&zgy  State 

—  Sbcser  Icymrtra 

% 

c 

•*  I 

225 

-24 

-725 

-223 

220  I 

223 

-55 

1-233 

-723 

15-0  1 

393 

-43 

2-653 

-737 

11-0  | 

450 

-43 

1-910 

-917 

•a*  e;  I 

|  SCO 

-33 

2-050 

-677 

is.o  ] 

Egrsa  44  ccnpares  £be  5,  n^,  arc  5®^  Ssz  abe  sites  <fvcfigr 


Tba  BE— 135  5  (-CSrJ  is  cbdfrle  tbe  raise  fsrsa  Crsfsa  2  C-32^-  Unscrer, 


ft  still 


bly  snort  of  the  required  -29-  Also,  fe  sc_ 


is  lover  saga  efsasr  crefse 


TErerafoze  £»_  is 


seal!.  lbs  ya?  (fencer  increases  rb«>  4  bci  to  2  raise  tnan  tbe 

criiiss  conditions,  ahe  decrease  in  «_  is  also  apparent  froa  taii 
figure.  For  tre  yaw  cancer,  £  and  ir.^  are  brtb  above  uinf-mna,  bswerer 
£e^  is  not-  Surprisingly,  sis  SA3  increases  5  by  -2  scisn  corpares 
very  f<£voraily  to  tie  .2  increase  free  tie  ya «?  darner-  Tbe  SiS  in¬ 
creases  the  u_  substantially,  thereby  causing  £*  to  be  satisfactory. 

Table  ZII  ccrnares  5,  ca^,  arid  £u_  for  the  three  configurations. 
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Figure  AA,  Comparison  of  5  And  w(1  -  Power  Approach 
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5S 

S*3  ama  4S 
49,  53,  ami  51 
2hs  roll  node  cj&sa 


r-ojiH  •nrvgi»  cfaDC 


spiral  scgbilLigj 
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C25 

C4  s=d  6) 

IS  and  f) 


scarr  is  measured  to  be  .75  seesncs  £mm 


Hg-  45-  This  is  smaller  team.  she  1.1  seconds  5a  the  crs5.se  ccadiciaES 
are  is  approximate*  j  naif  she  asraaicaB  ailcsced  of  3-4  seconds.  Inis 
indicates  that  the  soli  angle  at  Sara  seconds  after  tee  inner  sill  ie 
ccrrsi deraulj  larger  ia  Bower  Approach  than  _ji  cruise  conditions  fer  Ebe 


same  aileron  inpets- 

He  spiral  stability  is  measured  from  Fig-  46-  He  Fewer  Approach 
spiral  rode  is  divergent  as  opposed  to  tie  convergent  spiral  rode  for 
the  cruise  conditions-  However,  the  tire  it  takes  for  the  bank  angle 
to  double  is  almost  forty  seconds,  veil  beyond  the  twenty  second 


requirement. 

Figures  47  and  48  shov  the  large  aileron  inputs  of  twenty  and 
fifteen  degrees,  respectively.  Due  to  the  snail  roll  node  tine  con¬ 
stant,  the  roll  angle  changes  so  fast  that  the  input  has  to  be  removed 


89 


ess/sno-s 


90 


Figure  45.  Roll  Mode  Timet  Conatant:  -  Power  Approach 


GGC/EE/70-S 


Figure  47.  20  Degree  A^foron  Step  -  Power  Approach 
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before  a  einlsnra  in  the  roll  rate  trace  occurs  5k;  tfea  ,€£fceaa  es  «sU 
as  the  twenty  degree  input-  The  roil  eagle  after  tso  ggcsag?  is 
twenty- two  degrees  as  compared  tq  thirteen  degrees  in  Crds®  1  asd 
twelve,  degrees  in  Cruise  2  for  a  fifteen  degree  aileron  input. 

Further,  an  important  difference  between  revet  Aggzgach  and  tits 
cruise  conditions  is  the  rudder  zovenaat  required.  Even  with  the  SAS 
on,  the  twenty  degree  aileron  input  requires  the  rudder  to  cava  about 
fifteen  degrees  while  the  fifteen  degree  aileron  input  requires  the 
rudder  to  move  eleven  degrees-  This  is  considerably  beyond  the  four 
degree  limit  that  is  presently  being  used  on  the  C-1353.  This  point  is 
discussed  in  more  detail  under  the  section  entitled  “Unitar”. 

Table  XIII  lists  the  measurements  taken  from  Figs.  47  and  48. 


Table  XIII 

Lame  Aileron  Inputs  -  Power  Approach 


<5a  (deg) 

Configuration 

P2  as  ZPi 

$com  (deg) 

K 

8  at  90°  roll  (deg] 

MC-135 

25.0 

22.0 

.734 

16.50  -  22. 2K 

20 

YD 

7.3 

30.0 

1.000 

17.00  -  17. OK 

SAS 

93.5 

25.0 

.834 

6.25  -  7.5K 

MC-135 

32.5 

17.0 

.568 

12.50  =  22. OK 

15 

YD 

2.9 

25.0 

.834 

13.00  =  15. 6K 

SAS 

96.7 

22.0 

.735 

5.50  =  7.5K 

The  small  aileron  inputs  of  six,  four,  and  two  degrees  are  shown 
in  Figs.  49,  50,  and  51,  respectively.  The  MC-135  has  an  extremely 
poor  PQsc/Pav.  Even  so,  the  yaw  damper  further  degrades  this  parameter 
almost  to  the  point  of  roll  rate  reversal.  The  SAS  decreases  Fosc/Pav 
to  values  small  enough  that  and  £P/8  are  not  necessary  to  show 
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Figure  49.  Six  Degree  Aileron  Step  -  Power  Approach 
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Figure  50.  Four  Degree  Aileron  Step  -  Power  Approach 
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Figure  51.  Two  Degree  Aileron  Step  -  Power  Approach 
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compliance  with  the  requirements.  As  in  Cruise  1,  this  is  fortunate 
sines  the  oscillations  of  the  sideslip  trace  are  very  difficult  to 
measure. 

From  the  rudder  trace,  it  is  seen  the  six,  four,  and  two  degree 
aileron  inputs  require  rudder'  movement  of  five,  three,  and  one  and  a 
half  degrees,  respectively. 

The  measurements  taken  from  these  three  figures  are  shown  in 
Table  XIV. 

Table  XIV 


Small  Aileron  Inputs  -  Power  Approach 


6a(des) 

Configuration 

P  /? 
rosc/rav 

*P/8 

$com(deg> 

K 

MC-135 

.862 

-158 

326 

8.0 

.267 

3.0 

= 

11.2K 

6 

YD 

.892 

-196 

4 

7.8 

.260 

3.0 

= 

11. 5K 

SAS 

053 

6 

a 

9-5 

.316 

.9 

= 

2.9K 

MC-135 

.895 

-138 

307 

5.0 

.167 

1.0 

= 

6. OK 

4 

YD 

.948 

-216 

23 

5.0 

.167 

1.0 

6.  OK 

SAS 

.053 

# 

if 

7.0 

.234 

.6 

= 

2.8K 

MC-135 

.878 

-158 

326 

3.0 

.100 

1.0 

= 

10.  OK 

2 

YD 

.957 

-216 

23 

3.0 

.100 

1.0 

= 

10.  OK 

SAS 

.053 

if 

if 

4.0 

.134 

.3 

a 

2.2K 

//  measurement  not  necessary  since  parameters  meet  requirements 
regardless  of  value 


Bfsesssica 

Samcisg  og  Sseergagy.  Ic  ggsa  be  seea  gram  TEsalgs  y,  WiT,  z=s3 

2H  that  the  increase  fa  £  is  largely  cas  to  ess  yz»  czaper  while  the 

increase  ia  as.  is  a  resale  of  the  acceleration  feedback-  'She  success 
cj 

of  this  design  is  a  direct  resale  of  eats  effect. 

gojj.  hade  Time  Constant.  Ece  to  the  analog  scale  involved,  ic  was 
<Siffi3cr.lt  to  seastsa  any  change  in  the  roll  node  rime  constant.  The 
root  locus  corneter  priatoat  indicates  a  slight  shift  of  value,  bet  it 
is  of  little  significance  as  the  tiae  constant  was  within  requl reneats 
for  all  conditions. 

Large  Aileron  Incuts.  The  requirement  for  large  aileron  inputs 
states  the  input  mist  be  held  until  the  bank  angle  changes  ninety 
degrees.  Snail  angle  approximation  theory  provides  erratic  results  at 
large  angles  because  the  equations  becoce  invalid.  Therefore,  the 
aircraft  was  set  at  a  ninus  forty-five  degree  bank  angle  and  then  the 
step  aileron  input  (for  measurement)  was  applied.  This  requires  the 
angle  to  change  from  minus  forty-five  degrees  to  plus  forty-five 
degrees  as  opposed  to  changing  from  zero  degrees  to  ninety  degrees  and 
is  a  standard  simulation  technique  used  to  avoid  large  angles. 

With  an  initial  minus  forty- five  degree  bank  angle,  sideslip  also 
has  an  initial  value.  As  the  parameters  involved  are  concerning  with 
relative  change  of  values  instead  of  absolute  values,  the  initial 
magnitudes  are  of  no  significance.  However,  it  is  important  (for 
accurate  results)  that  bank  angle  and  sideslip  have  reached  steady 
state  values  before  applying  the  input. 

As  a  point  of  interest,  trim  was  incorporated  in  some  sample  runs 
to  compare  with  the  runs  (without  trim)  used  in  this  study.  The  trim 


99 


J 


cscsdsBed  of  tba  small  rslaas  cf  cadger  ailccs  repaired  te  brisg 
das  staacy  szozs.  sSdgslSa  baA  so  zero  So r  a  fbzsy-fivs  degree 

bsA  zrgl*.  232  cospzrfsca  served  csgligfble  difference. 

Sams'?  ASlertta  lasers,  For  small  iapats,  tie  bzri  eagle  ca sages  at 
a  arch  sipver  race.  Sicca  tie  arocat  of  dee  required  to  measure  tie 
parameters  remains  fairly  cars  tent,  die  slower  race  mesas  that  large 
back  regies  do  cot  occur  within  die  tics  of  interest,  therefore,  tie 
initial  bank  angle  can  start  at  zero. 

In  both  the  basic  aircraft  and  yaw  damper,  tie  -value  of  deter¬ 
mines  whether  tie  requirements  are  satisfactory  or  not.  in  these  two 
cases,  is  measurable  (see  Fig.  42  1  EC-135  * ) .  However,  it  is 
virtually  impossible  to  measure  ^  for  these  snail  inputs  with  the  S AS 
on  as  oscillations  on  the  sideslip  trace  are  not  observable  (see  Fig. 


42  ’SAS’).  But,  any  value  of  i^ee^s  the  requirement c  for  the  overall 

system  because  of  the  small  values  of  and  AfL,_„.  Therefore, 

esc  <*v  max 

it  is  not  required  to  measure  ^  in  this  case. 


Additional  Comments 

With  the  SAS  on,  it  can  be  seen  that  the  Butch  roll  is  almost 
completely  eliminated  for  any  kind  of  aileron  input.  To  demonstrate 
this,  a  thirty  degree  aileron  doublet  was  applied  to  the  system  in  an 
effort  to  excite  the  Dutch  roll  oscillation.  The  results  for  each 
flight  configuration  are  shown  in  Figs.  52,  53,  and  54. 

Since  the  Dutch  roll  excitation  from  an  aileron  input  is  virtually 
eliminated,  even  with  a  very  large  input,  it  seems  reasonable  to  assume 
that  no  oscillation  and  thus  no  P08c/Pav  should  be  present  in  any  of 
the  roll  rate  traces  for  SAS  on  when  subject  to  the  various  aileron 
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Figure  52.  30  Degree  Aileron  Doublet  -  Cruise  1 
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step  inputs.  However,  it  can  be  seen  that  there  is  a  definite  varia¬ 
tion  or  fluctuation  present  in  these  roil  rate  traces  thus  constituting 
a  measurable  ?0sc^pav*  ^i®  effect  1  caused  simply  by  the  resulting 
action  of  the  SAS  and  thus  the  rudder  during  the  rolling  maneuver. 
Further,  one  can  see  that  this  action  is  not  created  by  the  addition 

of  acceleration  feedback  but  rather  is  a  characteristic  of  the  original 
( 

yaw  damper  itself.  In  fact,  the  addition  of  acceleration  feedback 
helps  to  correct  the  action  and  thus  decrease  the  ?0SC/Pav  which  in 
either  case  is  within  the  specified  tolerance. 

Limiter 

The  SAS  design  performs  its  designated  purpose  extremely  well  by 
assuming  full  rudder  authority.  Full  rudder  authority  means  the 
augmentation  system  can  move  the  rudder  to  the  stops  if  required. 

At  present,  the  MC-135  contains  a  limiter  which  prevents  the  SAS 
fror  moving  the  rudder  past  four  degrees.  This  limiter  would  reaacs 
the  effectiveness  of  the  SAS  whenever  a  rudder  larger  that  four  degrees 
is  required.  Ihere  is  no  effc  :t  in  the  two  cruise  conditions  because 
the  SAS  does  not  require  the  rudder  to.  move  55 ore  than  four  degrees. 
Power  Approach  is  affected,  but  only  at  the  larger  inputs . 

The  limiter  prevents  "hard-over"  in  the  event  the  SAS  fails  at  a 
point  where  it  was  requiring  lergc.  amounts  of  rudder.  Four  degrees  was 
designated  as  the  value  no<  to  evened  if  a  failure  occurred. 

In  Power  Approach,  the  roll  response  is  quite  small  as  a  four 
degree  rudder  input  changes  roll  angle  by  only  eight  tenths  of  a  degree 
in  two  seconds.  Due  to  this  sraa31  response,  a  much  larger  limit  can  be 
used  for  Power  Approach.  Because  of  the  large  roll  response  Cc  aileron 


104 


GGC/S5/70-8 


inputs*  relatively  large  aileron  would.  In  a.'  ,  probability,  not  be  used 
in  Power  Approach. 

For  twenty  degree  aileron  (aircraft  lim’  input,  the  SAS  requires 
the  rudder  to  move  fifteen  degrees  and  smaller  inputs  require  corre¬ 
sponding  smaller  rudder  movement.  This  f if tew  degree  limit  is  deemed 
acceptable  for  Power  Approach  and  allows  the  T  ’  to  perform  as  intended. 
Therefore,  the  limiter  value  is  changed  from  j-.  ?  degrees  in  cruise  to 
fifteen  degrees  in  Power  Approach. 

If  subsequent  test  flights  indicate  a  lower  limit  is  desired  for 
Power  Approach,  a  reduced  limit  could  be  used  al'  .  slight  degradation 
of  performance  and  then  only  at  larger  aileron  iji  jts. 
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V.  Conclusions  and  Hecommendations 

From  root  locus  analysis,  it  was  determined  that  cascade  compensa¬ 
tion  techniques  were  inadequate  to  produce  the  required  S  and  .  In 
every  ca3e  tried,  the  compensated  system  provided  either  insignificant 
changes  in  C  or  actually  reduced  S  instead  of  increasing  it.  These 
systems  were  verified  through  analog  simulation. 

A  technique  commonly  used  in  cascade  compensation  is  to  cancel 
system  poles  and  zeros  with  compensator  zeros  and  poles.  In  this  sys¬ 
tem,  however,  certain  poles  can  not  be  cancelled.  For  instance,  to 
retain  the  same  filtering  characteristics,  the  rate  filter  poles  must 
remain  unchanged.  Also,  exact  cancellation  of  any  aircraft  poles  or 
zeros  is  not  possible  since  the  location  of  these  poles  and  zeros 
varies  from  one  flight  condition  to  the  next.  In  this  system,  the  air¬ 
craft  poles  and  zeros  that  needed  to  be  cancelled  were  so  close  to  the 
imaginary  axis  and  in  some  cases  even  unstable,  thus  undesirable 
results  could  exist  if  exact  cancellation  was  not  realized. 

The  5  of  the  basic  system  was  increased  to  an  acceptable  value  by 
using  the  Boeing  series  yaw  damper.  However,  the  yaw  damper  caused  a 
decrease  in  Other  parameters  such  as  ?0SC/Pav  >  an<*  A3max  were  also 
degraded  when  the  yaw  damper  was  used. 

Since  a  large  roll  rate  is  produced  by  a  yaw  or  sideslip  disturb- 

•  • 

ance,  it  was  felt  that  a  SAS  which  used  <{>  feedback,  in  addition  to 
feedback,  would  be  very  effective  in  improving  the  handling  qualities 
over  that  of  the  yaw  damper  alone.  However,  root  locus  analysis  and 
subsequent  analog  simulation  indicated  that  this  was  not  the  case.  In 
every  case  tried,  the  ij>  feedback  alone  produced  a  better  performance 
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than  did  the  blended  $  and  $  feedback. 

Acceleration  feedback  was  then  incorporated  into  the  system  to 
improve  the  response.  In  all  cases,  ,  Posc/Pav,  and  Agmax  were 
improved  over  that  of  the  basic  aircraft.  As  noted  from  the  analog 
runs,  when  the  system  was  disturbed  by  a  rudder  deflection  the  time 
required  to  damp  the  resultant  Dutch  roll  was  significantly  improved. 
Moreover,  the  Dutch  roll  was  almost  totally  suppressed  when  the  system 
was  disturbed  with  the  ailerons. 

Location  of  the  accelerometer  was  investigated  as  discussed  in 
Appendix  B.  It  was  determined  that  adequate  performance  could  be 
obtained  with  the  accelerometer  located  at  the  aircraft  c.g.  In  that 
position,  the  accelerometer  measures  only  acceleration  in  the  lateral 
or  Y  direction  which  is  precisely  the  quantity  that  needed  to  be 
reduced.  An  accelerometer  located  forward  or  aft  of  the  c.g.  measures 
the  yaw  angular  (tangential)  acceleration  in  addition  to  the  accelera¬ 
tion  at  the  c.g.  This  tangential  acceleration  either  adds  to  or  sub¬ 
tracts  from  the  lateral  acceleration.  Final  analysis  showed  that 
essentially  all  that  this  addition  or  subtraction  changes  is  the  sensi¬ 
tivity  required  of  the  accelerometer.  Since  no  apparent  advantage  was 
noted  by  moving  the  accelerometer,  it  was  located  at  the  c.g.  in  the 
final  design.  If  it  becomes  necessary  to  locate  the  accelerometer  at 
some  point  other  than  the  c.g.,  it  can  be  done  simply  by  using  an 
accelerometer  with  a  different  sensitivity. 

Of  the  cruise  conditions,  Cruise  1  showed  the  least  acceptable 
handling  qualities  for  the  basic  unaugmented  aircraft.  Therefore,  the 
design  was  based  primarily  on  this  flight  condition.  As  a  result,  the 
optimum  value  of  loop  gain  for  Cruise  1  was  also  used  for  Cruise  2. 
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The  final  analog  verification  showed  this  approach  to  be  quite  adequate 
for  both  cruise  conditions.  However,  at  that  particular  setting  of 
loop  gain,  the  handling  qualities  for  Power  Approach  were  not  acceptable. 
Since  the  transition  to  Power  Approach  begins  when  flaps  are  lowered, 
two  flap  switches  were  used  to  change  the  gain  and  achieve  the  optimum 
value. 

It  was  determined  that  the  four  degree  rudder  limiter,  which  is 
used  in  the  standard  yaw  damper,  would  prevent  the  SAS  from  performing 
to  its  full  capability  while  operating  in  Power  Approach.  Due  to  the 
small  response  of  roll  rate  to  a  rudder  input,  when  in  Power  Approach, 
the  four  degree  limit  was  considered  as  unnecessarily  restrictive. 

From  repeated  simulation  of  rudder  hardovers  while  varying  the  rudder 
limit,  it  was  concluded  that  a  limit  of  as  much  as  fifteen  degrees 
could  be  used  for  Power  Approach.  Since  the  four  degree  rudder  limit 
is  still  required  for  cruise,  it  would  be  necessary  to  switch  from  a 
four  degree  to  a  fifteen  degree  limit  when  entering  Power  Approach. 

This  can  be  done  by  using  another  flap  switch. 

The  SAS  designed  in  this  study  is  considered  to  be  quite  success¬ 
ful  in  meeting  all  the  required  specifications.  Further,  the  other 
objectives  of  simplicity  and  low  cost  .are  adequately  fulfilled.  The 
design  requires,  in  addition  to  the  standard  series  yaw  damper,  only 
an  accelerometer  and  two  flap  switches. 

This  system  has  shown  significant  improvement.  However,  only 
three  flight  conditions  were  analyzed.  It  is  therefore  recommended 
that  further  studies  include  analysis  of  several  additional  flight 
conditions.  Further  studies  should  also  investigate  the  effects  of 
turbulence  (wind  gusts)  and  unsymmetrical  thrust  (one  engine  out)  on 
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this  system. 

Even  though  this  SAS  was  designed  to  correct  a  problem  encountered 
with  a  particular  modified  C-135B  aircraft,  it  could' be  used  to  improve 
the  flying  qualities  of  other  similar  aircraft  whose  lateral-directional 
handling  qualities  have  been  degraded  because  of  external  modifications 
that  change  the  aircraft  aerodynamic  characteristics. 
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Appendix  A 


Development  of  the  Lateral  Acceleration 
Transfer  Function 


1 

» 

t 


Substituting  equations  (2-4) »  (2-5) ,  and  (2-6)  into  equation 
(2-1)  and  rearranging,  the  Y-force  equation,  IFy,  becomes 

V  -  Ygg  +  U0^  -  Yr*  -  Yp^>  -  g4>sin0o  -  g«cos60  -  YgB  -  Y^ 

+  Vr 

(A-l) 

Since  0O  =  0,  for  straight  and  level  flight,  (A-l)  becomes 

u0&  -  Y3B  +  (u0  -  YrH  -  Yp^  -  g«f>  -  YgB  -  Y5a63  +  Y^  (A-2) 

From  Table  II,  it  is  seen  that  Y^  and  Yg  are  both  equal  to  zero. 
Neglecting  these  terms  and  rearranging,  (A-2)  becomes 

U0B  -  g$  +  U0*  -  YgB  -  Yj  -  Yp*  =  Y6r6r  (A-3) 

Looking  at  the  dimensions  on  (2-1)  and  (A-3),  it  can  be  seen  that, 
as  written,  these  equations  are  really  a  summation  of  lateral  acceler¬ 
ation  along  the  Y-axis  rather  than  lateral  force,  EFy.  This  is  true 
because  (2-1)  has  been  divided  by  the  vehicle  mass,  m.  Therefore 

*y  =  U0B  -  g<(>  +  U0*  =  Y3B  +  Yj  +  Ypi  +  Y6r5r  (A-4) 

Using  only  the  RHS  of  (A-4)  and  dividing  by  6r,  the  transfer 
function  for  lateral  acceleration  to  rudder  deflection  is  obtained. 
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%  “  YS?r+  Y4r+  Ypfr+  Y«r  <A'5> 

Note  that  (A-4)  is  an  exprssion  for  lateral  acceleration  along  the 
vehicle's  Y-axis  which  is  lateral  acceleration  of  the  c.g.  only,  as 
opposed  to  total  acceleration  in  the  XY-plane.  A  more  general  expres¬ 
sion  can  be  developed  which  represents  not  only  the  lateral  accelera¬ 
tion  of  the  c.g.  but  also  the  acceleration  due  to  rotation  about  the 
c.g.  The  expression  of  (A-5)  can  then  be  written  as 


y4  + 


4-  Y 


*6. 


*Y-  +  Y 


Sr 


M 


(A-6) 


where  ayt  -  total  lateral  acceleration 

lx  -  distance  of  the  c.g.  to  the  point  of  measurement 
(forward  is  positive) 
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Appendix  B 

Accelerometer  Location 

So  far  all  the  analysis  of  acceleration  feedback  has  been  done 

with  the  accelerometer  located  at  the  center  of  gravity  (c.g.)  of  the 

airframe.  As  can  be  seen  from  Eq  (2-19) ,  when  the  accelerometer  is 

located  away  from  the  c.g.  it  measures  not  only  lateral  acceleration  of 

the  c.g.,  a v  ,  but  ajiso  the  yaw  angular  acceleration,  £x$.  From  Fig. 
ycg 


means  that  if  the  accelerometer  is  located  aft  of  the  c.g.,  -£x,  that 
it  will  sense  a  higher  acceleration  for  a  given  yawing  motion.  This 
means  in  effect  that  the  accelerometer  is  more  sensitive.  Conversely, 
if  it  is  located  forward  of  the  c.g.  it  will  be  less  sensitive.  The 
transfer  functions  of  four  accelerometer  locations  (including  c.g.)  in 
all  three  flight  conditions  are  listed  in  Table  XV.  The  resulting  root 
locus  sketches  of  the  acceleration  feedback  system  for  the  different 
accelerometer  locations  are  shown  in  Fig.  55. 

Note  that  in  each  case,  a  shift  in  zero  location  is  apparent. 
However,  since  the  location  of  the  poles  remains  the  same,  the 
resultant  root  locus  is  altered  very  little  in  the  areas  of  interest. 
Therefore,  the  location  of  the  roots  and  thus  the  closed  loop  response 
should  remain  virtually  unchanged.  It  can  then  be  concluded  that 
accelerometer  location  has  an  effect  primarily  on  accelerometer  sensi¬ 
tivity.  For  example,  the  design  here  requires  an  accelerometer  with  a 
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gain  (sensitivity)  of  about  .008.  An  accelerometer  with  a  sensitivity 
of  say  .01  v/g  will  give  the  sama  results  provided  it  is  located  four 
feet  forward  of  the  c.g. 
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Other  Design  Considerations 


Cascade  Compensation.  As  can  ;e  seen  from  the  root  locus  of  the 
original  series  yaw  damper  (Fig.  6, ,  Chapter  IX,  the  system  response 
was  undesireable  mainly  because  th .  one  palt  of  second  order  roots 
remain  too  close  to  the  jm-axis  a  .  is  increased  from  zero  to 
infinity.  Early  attempts  to  modify  tie  existing  yaw  damper  included  a 
rather  intensive  search  for  a  cascade  compen.jator  that  would  draw  the 
troublesome  branch  of  the  root  locus  further  into  the  LHP,  thus  making 
it  possible  to  choose  a  more  desireable  pair  of  closed  loop  roots, 
i.e.  a  pair  with  a  higher  Several  lead  compensators  were  tried 

but  in  every  case  the  compensation  caused  the  other  dominant  branch  to 
be  drawn  to  the  left.  Then,  because  sf  the  symmetry  of  a  root  locus, 
the  branch  which  was  expected  to  be  draw  '  to  the  left  was  actually 
drawn  to  the  right,  thus  resulting  in  a  less  desireable  root  location 
than  before. 

Other,  more  elaborate  types  of  passive  cascade  compensators  were 
tried  -  primarily  compensators  that  gene rat 3  complex  poles  and  zeros. 
Probably  the  simplest  and  most  practical  of  thosa  is  the  bridged-T 
network  which  has  a  transfer  function  c. 


Gc(s) 


i  +  b  •  -  _2 

1  +  Ds  +  Cs2 
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Such  a  compensator  could  be  used  to  cancel  the  complex  pair  of  poles  or 
zeros  of  the  airframe.  However,  since  the  location  of  the  airframe 
poles  and  zeros  are  constant  only  for  a  particular  flight  condition, 
exact  cancellation  would  be  possible  only  at  one  flight  condition.  Use 
of  such  a  compensator  then  results  in  closed  loop  roots  which,  even 
though  are  close  to  respective  zeros,  lie  in  very  underireable  positions 
in  the  a^ylane.  In  fact,  *u  this  case,  such  roots  could  very  well  be 
unstable.  Such  a  design  would  require  a  very  extensive  study  of  all 
possible  flight  conditions  in  order  £o  best  locate  the  compensator 
roots.  Even  then,  the  resultant  effect  of  these  tv-ots  on  the  overall 
response  is  questionable,  since  the  system  would  now  be  predominantly 
sixth  order.  Therefore,  it  was  decided  that  a  multiloup  feedback 
system,  although  more  difficult  to  analyze,  would,  in  the  end.  result 
in  a  more  simolified  and  probably  a  more  acceptable  deslen. 

Roll  Rate  Feedback.  Analog  computer  simulation  revealed  that  the 
aircraft  exhibited  a  substantially  larger  roll  component  than  yaw  or 
sideslip  component  of  the  Dutch  roll.  Furthe*',  the  rudder  is  almost  43 
effective  in  rolling  the  aircraft  is  in  yawing  the  aircraft.  It  was, 
therefore,  thought  that  a  SAS  whi’ih  controlled  not  only  '•!>  but  also  $ 
through  a  combined  feedback  of  both  quantities,  would  be  very  fuiective 
in  damp ^3  the  butch  roll.  Such  a  system  dr.aiyzea  *  ,  tor  :■>- 

1  -  .  ....  ^..ueu,  one  for  positive  feedback  (Fig.  56)  and  one 

for  negative  feedback  (Fig.  57).  Looking  at  Figs.  56  and  57,  it  is 
immediately  evident  that  roll  rate  feedback,  when  blended  into  the 
system,  results  in  a  degradation  of  performance.  This  is  the  case  no 
matter  how  much  roll  rate  is  fed  back.  These  conclusions  were  verified 
on  the  analog  computer. 
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tu^ce  the  resuits  of  using  lateral  acceleration  feedback  vers 
quite  encot-re  efforts  were  concentrated  on  that  rather  than  on  any 

other  forms  of  or  cascade  compensation. 
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SCOTS  Of  A/6  LATERAL  DIRECTIONAL  TRANSFER  FUNCTIONS 
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